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This thesis contributes to the development of novel synthesis protocols for polytypes and 
understanding of nanocrystal atomic structures in copper-based multi-elemental colloidal 
nanocrystals. The influence of ligands, precursors along with temperature as isolated 
factors in crystal phase and morphology is demonstrated. This allows a understanding of 
the intricate mechanisms behind the nucleation and sequential crystal growth. The 
thorough structural identification of sophisticated nanocrystal structures at an atomic level 
shines lights on elusive cationic ordering and disordering in multi-elemental colloidal 
nanocrystals and pushes the understanding of cationic precursor incorporation mechanisms 
beyond the current limitations. 
The synthesis of highly monodisperse CuZnSe2 (CZSe) colloidal nanocrystals is reported 
in Chapter 3. The crystal phase control of these nanocrystals with novel chemical 
compositions was achieved by controlling the presence or absence of phosphate-based 
ligands. Furthermore, the occurrence of polytypism between zinc blende and wurtzite was 
achieved by changing temperature and precursors. This understanding and control of 
crystal phase and polytypic occurrence in this system is of vital importance in applications 
such as thermoelectrics, photocatalysis and photovoltaics.  
Chapter 4 describes the dominating effects of precursor choice on the controlled occurrence 
of polytypism in the colloidal synthesis of CuαZnβSnγSeδ (CZTSe) nanocrystals. The 
synthesis of a linear polytype was simply triggered by the change of Sn precursor while 
the other metal, chalcogenide precursors along with temperature, solvents and surfactants
viii 
 remained the same. Three dimensional branched polytypic structures were synthesized at 
elevated temperature where in this case the choice of chalcogenides is the critical control 
factor. 
Chapter 5 fully deciphers the atomic structure in tetrapod CuαZnβSnγSeδ (CZTSe) 
nanocrystals with varied cationic compositions. This thorough structural identification 
study employs the chemical composition sensitive technique, scanning transmission 
electron microscope high-angle annular dark-field imaging (STEM-HAADF) to explore 
the atomic arrangement according to high-contrasted intensities scattered by nuclei of 
different masses. Real-space quaternary atomic models were built according to the analysis 
results, which allows insights of the cationic incorporation and cationic arrangement 
disruption in a continuous Bravais lattice.      
Chapter 6 summarizes the thesis and makes plans on further work based on the work that 
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CHAPTER 1. INTRODUCTION  
1.1 Introduction to Semiconductor Nanocrystals 
Semiconductor nanocrystals (NCs) are semiconducting crystalline particles on the 
nanoscale.1 NCs have played a central role in new materials development due to their 
immense potential in photovoltaic applications, lighting/displays, catalysis, energy storage, 
thermoelectric devices, sensors, bioimaging and drug delivery.2 With typical dimensions 
ranging from 1 to 100 nm, semiconductor NCs bridge the gap between molecules and bulk 
crystals.3, 4 Additionally, where bulk materials possess continuous optical properties during 
size change (in the bulk regime), NCs, with dramatically increased surface to volume ratio 
induced by their nano-scale sizes, display size-dependent optical and electronic properties 
and thus constitute a whole new class of materials.3-5 
In the NC regime, pronounced sized-induced disruptions occur to the electronic structure 
both on the surface and NC interior. Surface atoms take up a high fraction of total atoms 
and dominate the free energy on the NC surface, with a change to the surface atoms making 
a distinct impact to the thermodynamic properties of the NCs.3, 4 Another crucial feature is 
the quantum confinement effect of the interior NCs. NC displays discrete energy states and 
size-dependent optical transitions, which is different from the continuous chemical-
composition dependent band gap energy (Eg) of bulk materials.
1, 4, 6  
The first systematic research on size-dependent optical properties of nanoclusters (a few to 
tens of atoms with a size below 2 nm) was carried out by Henglein7 and Brus8 over 30 
2 
years ago. Extensive research has been carried out on the synthesis and characterisation of 
semiconductor NCs and their applications in various fields ever since. The enthusiasm and 
devotion from academia has made semiconductor NCs one of the most exciting new 
material regimes and enabled research to progress on more complex structures, such as 
three dimensional branched structures.2 
1.1.1 Quantum Confinement and Band Gap Engineering 
Quantum confinement effects occur when the electronic motions are confined by one or 
more dimensions of the nanoparticles.4, 5 Bulk semiconductor materials have fixed and 
continuous band gap energy, which is the energy difference between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). It is the 
minimum bandgap energy required to excite an electron from the valence band to the 
conduction band, as shown in Figure 1.1.1, 5 The excitation of an electron leaves a positively 
charged hole in the valence band, with the negatively charged electron itself in the 
conduction band, forming an electron-hole pair known as an exciton. Each semiconductor 
has a finite exciton size defined by the Bohr exciton diameter (aB).
1 The quantum 
confinement effect occurs when one or more dimensions of a semiconductor are smaller 
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than the Bohr exciton diameter. Thus, the interior energy is raised dramatically when the 
charge carriers are spatially confined.9 
 
Figure 1.1 Band structure of bulk semiconductors and NC semiconductors. 
When the semiconductor NCs are sufficiently small, the characteristics are dominated by 
the hole and electron interactions at the crystal surfaces. In this regime, the energy scheme 
and electronic structure will be affected by the size, shape and the material itself.5 For a 
free particle, or a particle in a bulk material, the energy and the crystal momentum can both 
be precisely defined, while the position cannot. For a localized particle in a NC, the energy 
is still fixed. However, the momentum is not as well defined as the position is confined. 
The intrinsic discrete energy, can thus be considered as superpositions of different bulk 
material momentum states.3, 4  
4 
Figure 1.2 is a representative image of quantum confinement phenomenon in CdSe 
quantum dots (QDs).10 The luminescence wavelength trend with the corresponding colour 
gradient is determined by the QD sizes. As the QD size increases from 1 nm to 8.5 nm, the 
wavelength of the narrow-band tuneable emission light increases from 470 nm to 665 nm 
with a distinct change in colour (dark violet to red).11 With the ratio of surface atoms 
decreasing from 88% for 1.2 nm QDs to 20% for 8.5 nm QDs, the interaction of electrons 
and holes with the surface decreases leading to a reduced exciton energy, and thus altering 
the emission wavelength from 470 nm to 665 nm.10 
 
Figure 1.2 Narrow size-tunable light emission profile represented by colloidal NC 
solutions with the corresponding photoluminescent emission wavelength gradient.10 
 
5 
Along with the overall size control of NCs, another important method for band gap 
engineering is through the control of dimensional restrictions. Semiconductor NCs can be 
classified by different levels of confinement to 2D: nanodiscs, nanoplatelets, nanosheets, 
1D: nanorods, nanowires, nanotubes and 0D: quantum dots.12 With the level of 
confinement increasing, the band gap becomes more discrete as shown in Figure 1.3. The 
2D NCs show discrete step features in the band gap structure while maintaining the quasi-
continuous structure of 3D bulk materials with no confinement. With the wavenumbers 
quantised in two directions, 1D NCs begin to possess zero-point energy and the band gap 
state density follows a saw-tooth function. When semiconductor NCs are confined in all 
directions, the three-dimensional quantisation grants QDs a series of completely discrete 
energy states.3, 13 
 
Figure 1.3 Evolution of the “density of states” function from a bulk (3D solid) to a 
2D, 1D and 0D systems.13 
 
1.1.2 Surface Properties 
Another important feature of semiconductor NCs is the high surface atom ratio to total 
atoms in the structure that strongly influences the optical properties. The atoms on crystal 
6 
facets are only partially bonded to the interior crystal lattice, leaving dangling bonds 
(unpassivated bonds) pointing outward from the crystal. As shown in Figure 1.4 a-b, most 
NCs are highly faceted, and each facet contains dangling bonds dominated by either anions 
or cations. Figure 1.4a shows the repulsion between organic bases and occupied orbitals in 
anionic facets; it indicates that the cationic facets are rich with empty orbitals that attract 
the attachment of organic bases (Figure 1.4b middle); The right image shows nonpolar 
facets possesses both occupied and empty orbitals.  
 
 
Figure 1.4 (a) Transmission electron microscopy images of one wurtzite CdSe 
quantum dots at [000?̅?] and [11?̅?0] directions and one CdSe nanorod at [11?̅?0] 
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direction with corresponding atomic structure simulation. (b) Atomic simulation 
images of anionic (Se2-) and cationic facets (Cd2+) of CdSe nanoparticles.14 
The surface energy states then trap surface charge carriers, thereby reducing the possibility 
of electron-hole overlapping, increasing nonradiative decay by different mechanisms such 
as deep hole trap emission on anion-rich facets and band-edge emission on cation-rich 
facets (Figure 1.5).  
 
Figure 1.5 Surface energy state reconstruction in small NCs1 
Furthermore, traditional surface science has established that the surface atoms tend to move 
away from the interior lattice to reduce their energy levels.15 This can cause reconstruction 
of the electronic band structure and leads to surface energy states that differ from that of 
the interior NC.16-18 This reconstruction of surface energy state often leads to another 
fluorescence emission at lower energy along with the “core” fluorescence emission.1, 19 
NCs with anion-dominated facets have no or very little fluorescence emission due to 
8 
recombination caused by the overwhelming number of surface energy state.1, 20 To 
overcome this fluorescence decay, the exposed dangling bonds are passivated by adding 
ligands to form atom-surfactant bonds, or coating the NCs with an inorganic insulating 
shell.21-23 Taking CdSe quantum dots as an example (Figure 1.6), the insulating layer and 
surface atoms result in two new molecular orbitals with bonding δ and anti-bonding δ* 
features. Here, the anti-bonding energy in the conduction band is promoted;  The bonding 
energy in the valence band is reduced and compared to orbitals without surfactant-atom 
interaction.1, 23 
 
Figure 1.6 Effect of surface atom passivation on electronic states.23 
1.2 Colloidal Synthesis of Semiconductor NCs 
Colloidal synthesis methodology was first performed using gold chloride and a strong 
reducing agent in the synthesis of nanosized gold colloids by Faraday over 150 years ago.24 
The recognition of these gold colloids, later known as Ruby Gold, is considered as the birth 
9 
of modern nanotechnology.24, 25 Colloidal synthesis approaches are unparalled in their 
versatility, efficiency, particle uniformity and low cost.2 The colloidal synthesis approach 
is the most attractive alternative to conventional vacuum (solid-state) techniques, which 
are expensive and often lead to polydispersity of the particles produced.26, 27 Colloidal heat-
up synthesis approaches started to gain popularity in CdE, (E=S, Se, Te) QD synthesis as 
seen in early work by Murray and co-workers.28 Since then, the colloidal NC synthesis 
field has broadened significantly, especially in the past decade; it has been a successful and 
applicable methodology for the synthesis of a wide range of NCs of various sizes, shapes 
and chemical compositions.27, 29-31 
Colloidal synthesis is an organic solution-based crystal nucleation and growth process 
involving the dissolution and later thermal decomposition of chemical precursors, typically 
inorganic salts/organometallic compounds.32 As colloidal syntheses generally employ high 
temperatures, the organic solutions used must have high boiling points ( >100 °C). At 
elevated temperatures, precursors thermally decompose and form a highly active 
intermediate with ligands, known as monomers, providing the basic building blocks for 
NC nucleation and growth.33 
As demonstrated in Figure 1.7, a typical colloidal hot injection setup involves a 3-necked 
flask, a Liebig condenser, a digital temperature controller with temperature probe and an 
external temperature controller. 
10 
 
Figure 1.7 Diagram of colloidal hot-injection setup 
In the traditional heat-up colloidal approach, all surfactants and precursors are present in 
the 3-necked flask, and the nucleation starts when the mixed solution is heated up to the 
required temperature for the nuclei to reach saturation point. This method is often used in 
binary systems where only one chalcogen and one cationic metal salt are involved (e.g. 
CdS). For the synthesis of more complicated heterostructure NCs or the involvement of 
more participating precursors, a hot-injection approach is favoured as it provides more 
control over nucleation and subsequent seed growth.34 Precursor separation is the key in 
hot-injection methods, where cationic and anionic precursors are separated in the “hot” 
flask and in the “cold” syringe. NC growth is then achieved by a burst of nucleation upon 
injection and a subsequent growth of the nuclei. The high temperature in the flask initiates 
11 
thermal decomposition of the precursor and promotes the monomers to nucleation 
threshold. The subsequent temperature drop from the cold injection quenches the 
nucleation in a burst-like motion, which ultimately results in a homogeneous nucleation. 
The product NCs are capped by long-chain organic ligands from surfactants or solutions 
for functionality and stabilization. The whole system is under the protection of argon and 
evacuated under vacuum repeatedly before the reaction starts to remove any moisture.25, 33, 
35, 36  
In colloidal synthesis, the major components of a successful synthesis are appropriate 
precursors, ligands, solvents and temperature. Some solvents such as oleylamine (OLA) 
and oleic acid can also act as ligands due to their functional groups and steric features.37 38 
After the thermal decomposition of organometallic precursors to form monomers, colloidal 
synthesis follows two main steps: nucleation and crystal growth. The first classic theories 
to describe the process of nucleation and NC growth are LaMer burst nucleation and 
Ostwald ripening.39 From the initial conceptual modelling work by LaMer to the more 
recent addition of constant nucleation and autocatalytic growth theories,40 the complete 
modelling of NC growth comprises decades of research efforts.41, 42 Figure 1.8 is a 
schematic overview of the main nucleation and crystal growth theories, including Lamer 
burst nucleation, Ostwald ripening, coalescence, Finke-Watzky model. These theories will 
be reviewed in detail in the Section 1.2.1.  
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Figure 1.8 Schematic illustration of nucleation and growth theory.43 
 
1.2.1 Classic Nucleation and Growth 
Nucleation is the process whereby nuclei form as the origins for crystal growth. Primary 
nucleation is defined as the nucleation without the presence of any crystalline matter.44 In 
the liquid phase, without the presence of any inhomogeneous environment such as grain 
boundaries, course substrate surfaces or a stable nucleating surface, the solution-based 
nucleation process can be considered thermodynamically. In the aforementioned ideal 
condition, the NCs without any heterogeneities are considered as perfect spheres with a 




Figure 1.9 Schematic illustration of diffusion layer around a NC34 
In classic nucleation theory, the rate of nucleation 
𝑑𝑁
𝑑𝑡
 can be initially derived as the 
following equation: 
                     (1) 
In equation 1, amongst the surface free energy γ, the crystal molar volume ν, kB 
Boltzmann’s constant kB, the temperature T, the supersaturation of the solution S, three 
experimental parameters can be varied, including the temperature T, the surface free energy 
γ and the supersaturation of the solution S. The largest effect on nucleation is the 
supersaturation, where a change from S=2 to S=4 leads to an increase in nucleation rate by 
about ~1070, and the surface free energy γ can be controlled by various surfactants. The 
supersaturation in this equation is a time-dependent factor that normally decreases during 
the nucleation process. It needs to be differentiated from the nucleation threshhold which 
is constant in a certain nucleation environment. In addition, the surface free energy changes 
14 
with the NC shape evolution and the solution contents, it is a time-dependent factor 
however difficult to quantify.34 
However, in practice, the synthesis environment is often not homogeneous, with the 
presence of active sites (impurities, scratches on reactors, corners, edges, bubbles, drops, 
etc.), meaning that the perfect sphere model doesn’t apply and the threshold of crystal free 
energy for nucleation is reduced, leading to heterogeneous nucleation.  
                  (2) 
Equation 2 discribes the decrease in crystal energy in heterogeneous nucleation compared 
to homogeneous nucleation by factor φ, where φ is a factor dependent on contact angle of 
heterogeneous surfaces, φ ≤ 1.43 
There are two factors controlling NC growth: the surface reaction and the monomer’s 
diffusion to the crystal surface. Equation 3 describes the crystal growth rate when monomer 
diffusion is the limiting factor; this happends when D <<1, where D is the diffusion 
coefficient, ν is the crystal volume, r is the crystal radius, Cb is the concentration of 
monomers in bulk solution, and Cr is the concentration of monomers at a certain distance. 
                             (3) 
When reaction rate at the crystal surface is the limiting factor, the equation that describes 
the NC growth rate is shown as below: 
15 
                              (4) 
k is the rate of surface reaction.45 
 
1.2.2 LaMer Mechanism 
LaMer mechanism was the first theory to separate the nucleation and NC growth into two 
stages conceptually.39, 46 As shown in Figure 1.10, it can be broken down into 3 steps: (I) 
A rapid increase of the monomer concentration above the critical point, (II) the monomer 
undergoes “burst-nucleation” which significantly consumes the free monomers and leads 
to a cease in further nucleation with the monomer concentration dropping below the 




Figure 1.10 LaMer Curve describing: stage I: monomers producing from percursors 
thermal decomposition, stage II: nucleation, stage III: seed formation and NC 
growth.48 
1.2.3 Ostwald Ripening and Digestive Ripening 
The mechanistic basis of the phenomenon where the solubility of NCs are dependent on 
their sizes, as described in equation 5 is known as the Gibbs-Thomson relation.49 
                              (5) 
Cr - concentration of monomers at a certain distance, Cb – concentration of the bulk 
solution, γ -  surface free energy, ν - the crystal molar volume, kB- Boltzmann’s constant, 
T – temperature, r-NC radius. 
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From the equation, it can be easily derived that NCs with larger size (r-radius) have lower 
solubility, while smaller particles have high surface energy and a greater solubility, which 
results in redisolution of these smaller particles and in turn provides free monomers and 
allows the larger particles to grow even larger.42, 49 On the contrary, digestive ripening 
describes how smaller particles grow at the expense of larger particles, where a derivative 
form of equation 5 is employed to describe the process. The dominating factor in both 
Ostwald and digestive ripening is the surface energy of particle within the solution 
environment.43, 50  
1.2.4 Finke-Watzky Two Step Mechanism 
As the name suggests, this mechanism consists of two simultaneous steps: nucleation and 
surface autocatalytic growth, with the process first discovered for the synthesis of indium 
clusters in 1997 by Finke.40 
The first step follows the classic “burst nucleation”, as in equation 6: 
                                                     (6)               
Where A are monomers and B are small nanoclusters. 
The second step happens at the same time as the first step, where monomers and small 
nanoclusters combine on the surface of NCs to grow in a “self-assembly” fashion as 
described in equation 7. Figure 1.11 shows a schematic of this process where large amount 
of smaller species A merges with lager species B, so B increases in both in size and number 
at the expense of A.  
18 
                                                   (7) 
 
Figure 1.11 Autocatalytic surface growth  
Although this process is different from classic atom-mediated nucleation theory, the 
nucleation still follows the critical size modelled with the classic theory.  
1.2.5 Coalescence and Oriented Attachment 
This mechanism like Finke-Watzky theory is used to describe particle-mediated processes. 
“Aggregation” is defined as the direct touching of nanoparticles or direct interactions of 
their ligands, while “coalescence” is a clustering of particles with merging of NC domains 
due to extensive interactions at the junctions.48, 51 Both coalescence and oriented 
attachment involve the merging of two crystalline entities, however, they differ in terms of 
the crystallographic alignment.52, 53 
19 
As shown in Figure 1.12 a, coalescence involves free attachment of two NCs. The large 
amount of stacking faults of different grain directions generated from the free-bounding of 
two NCs suggests that the orientation of two merging NC grains does not affect the 
attachment. As shown in Figure 1.12.b, the crystalline lattice in two NCs perfectly align at 
the junctions. A further example of oriented attachment of anisotropic NCs was presented 
by O' Sullivan et. al. In this report, preformed CdS nanorods (~30 nm in length) were 
treated with different amines post-synthesis, leading to the formation of nanorods with 
lengths of controllable multiples of the starting nanorods (i.e. ~60 nm , ~90 nm, ~120 nm), 
with direct evidence of attachement along the c-axis.54 
 
Figure. 1.12 (a) Coalescence of platinum NCs to form wire52 (b) oriented attachment 
of titanium particles.55 
 
1.2.6 Intraparticle Growth 
A typical demonstration of intraparticle growth was displayed by Alivisatos and his 
coworker’s work on CdSe NC shape control. A high growth rate favoured more active 
20 
facets at the end of the rods, leading to anisotropic growth along the rod axis, while lower 
growth rate minimized the faceted growth, resulting in spherical-like rods.56  In an 
additional study that provided insight into the growth mechanism, the formation of 
differently-shaped rods was determined to be due to three distinct stages in intraparticle 
ripening (see Figure 1.13).57 The rods initially grow along the WZ[0002] direction in a 1D 
fashion, resulting in thin rods with even girth, while at lower monomer concentration, the 
rods grow anisotropically from all directions resulting in 3D growth; while the last stage 
1D/2D ripening produces short and ellipsoidal-shaped thick nanorods with thinner ends, 
where the crystal structure is consumed and re-dispersed into the solution to feed the 
growth at the middle sections of the rods.  
 
Figure 1.13 TEM images and schematic diagram for proposed three stages of shape 
evolution. The arrows in the bottom diagram is the interaction of bulk solution and 
21 
the monomer diffusion layer around NCs. The double-ended arrows present diffusion 
equilibrium between the diffusion layer and bulk solution.57 
 
To explain the intraparticle growth, different chemical potentials on various facets with 
different degrees of exposure has to be taken into consideration. The exposed Cd ions on 
the rods end create dangling bonds which have higher chemical potentials, while the 
peripheral facets with neutral electron charges have lowers chemical potentials.14 At high 
monomer concentrations, the main monomer consumption comes from the rod elongation; 
when diffusion flux is insufficient to provide monomers for other less active facets, 
resulting in 1D growth; When the monomer concentration drops to a certain lever, the NC 
solubility and monomer diffusion approaches equilibrium. The overall chemical potential 
gradient between the bulk solution and diffusion layer decreases, leading to growth on 
active facets being supressed by low diffusion rate. The monomers’ flux diffusion occurs 
on all exposed facets on NCs,  instead of exclusive diffusion to the both ends of the rod 
leading to 3D growth.57 This case occurs under specific conditions where the energy of 
monomers within solution is lower than one of the crystal facets.43 
 
1.3 Mechanisms of Colloidal NC Shape Control  
As mentioned previously, by controlling the degree of confinement of the exciton, the band 
gap properties can be engineered precisely by tuning the dimensionality. The degree of  
confinement is also reflected at the surface atom fraction to total atom number.1, 58-61 When 
having the same total number of atoms, spherical NCs have the highest surface atom 
fraction while nanowires have the lowest. In addition, nanorods exhibit a turn point where 
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the surface atom fraction increases dramatically when total atom number continues to 
decrease after a critical point (Figure 1.14).  
 
Figure. 1.14 Fractions of surface atoms on the NC surface plotted against the total 
number of atoms.1, 59-61 
Many controlling factors, such as temperature, ligands, chemical precursors and 
concentration, should be considered systematically to achieve precise control over NC 
synthesis. All the factors cannot be isolated from the system or each other, each factor 
should be taken as an interactive part of a whole functioning synthesis system. The delicate 
intrabalance between factors makes NC synthesis challenging. However, some experiences 
and theories are extracted from the past research work to provide a better understanding of 
the complicated system.  
1.3.1 Precursor Selection  
Hard-soft acid-base (HSAB) theory describes interactions between organometallic 
precursors and ligands in the formation of highly reactive intermediate complexes 
composing of Lewis acids and bases by classifying them into “hard”, “borderline” and 
“soft” categories. The main aspects of HSAB states that hard (Lewis) acids prefer bonding 
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with hard (Lewis) bases while soft (Lewis) acids favour bonding with soft (Lewis) bases.62 
For chemical precursors that consist of a metallic ion and a counter charge of similar 
hardness/softness, the bonds within precursors are more stable, consequentially, requiring 
more thermal energy to cause decomposition. Some common hard/soft bases and hard/soft 
acids are summarized in Table 1.1 and 1.2. For example, CuI consists of a soft acid Cu+ 
and a soft base I-, therefore, it requires more energy to break up than Cu(Ac) which consists 
of Cu+, a soft acid, and Ac-, hard base. Similarly, borderline acid Cu2+ bonds more tightly 
with borderline base Cl- than soft base I-, thusly, CuCl2 requires more energy to decompose 
than CuI2. It is also noticeable that different oxidation states of the same element can have 
different softness or even switch between classification between acids and bases, such as 
Cu- soft acid, Cu2+ borderline acid; I7+ hard acid, I+ soft acid, I- soft base; etc.63, 64 HSAB 
theory provides a useful guidance in the selection of chemical precursor to achieve thermal 
decomposition for monomer generation at optimal rate. However, it only provides limited 
prediction on one-step direct ligand exchange and does not essentially elaborate more 
complex intermediate formation processes or less common chemical precursors.  
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Table 1.1 Classification of Lewis acids.64 
 
Table 1.2 Classification of Lewis bases.64 
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Chemical precursor reactivity has profound influence on nucleation as well as the 
subsequent growth mechanism as shown in the following research by Jasieniak and 
coworkers. This process was simulated with precursors with different activation energy 
ranging from 60 kJ mole-1 (lowest energy, highly reactive precursors), to 80 kJ mole-1 
(moderate energy, moderately reactive precursors), finally, 110 kJ mole-1 (highest energy, 
low reactivity precursors) as demonstrated in Figure 1.15.25  
 
Figure. 1.15 Simulated evolution profiles of NCs using precursors of different 
reactivity in heat-up approach.25 
Typical highly reactive precursors, such as short chain alkyl metal complexes, 
bis(trimethylsilyl) chalcogenides, decompose early and rapidly at low temperature to 
produce monomers. Monomers are highly active intermediates that act as basic building 
blocks for subsequent nanocrystal nucleation and growth. The resulting large amount of 
free monomers induces simultaneous nucleation and nuclei growth. The premature nuclei 
growth stunts further nucleation, consequently, the NC concentration is low with a wide 
size distribution. Carboxylic acid and phosphine chalcogenides have moderate reactivity 
where the monomers form at a more controlled and balanced manner. The availability of 
free monomers decreases during the nucleation stage, thereby there is a reasonable 
separation between nucleation and nuclei growth, resulting in good yields of NCs and 
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narrow NC size distribution. When low reactivity precursors are used, the supersaturation 
point is delayed due to the low free monomer concentration, resulting in nuclei growth that 
is slow and fluctuating. Eventually the clusters above critical radius begin to grow at the 
expense of smaller clusters and a small amount of free monomers. When monomer 
concentration drops further, due to the nuclei growth consumption, the critical radius 
increases again and more clusters fall below critical point and start to dissolute to provide 
building blocks for large clusters. This whole Ostwald ripening process provides large NCs 
with very poor yields. Typical ligands with low reactivity are phosphonic acids.25 
 
1.3.2 Shape Control Utilizing NC Surface Atomic Structure Anisotropy 
Many shape control methods can be traced back to the anisotropic surface atomic 
arrangements on different NC facets. Anisotropic NC growth first demonstrated its ability 
of NC shape control in III-V nanorods, nanowire and nanotubes, where vapour-liquid-solid 
growth mechanism was employed for solid rods grown in a saturated dense vapour that 
later condenses to nanoclusters.65-67 Various shapes, such as prismatic, rectangular, wires, 
rods, etc. were then formed from micelle or inverse micelle by varying the cation to anion 
ratios and surfactant ratios.68-72 
More systematic studies on shape control mechanisms were carried out in well studied CdE 
(E=Se, Te, S) system.29, 30, 56, 58, 61, 73, 74 In a study on CdSe NC shape evolution, Alivisatos 
and his coworkers studied the pronounced effects of surfactant concentration on wurtzite 
nanorods (Figure 1.16), when hexylphosphonic acid (HPA) in tri-n-octylphosphine oxide 
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(TOPO) molar concentration increases from 8% to 20%, CdSe evolves from “dots” at slow 
growth rate to nanorods with elongation along the rod axis at faster growth rate. 
 
Figure 1.16 TEM images of CdSe rods shape evolution over surfactant concentration 
and corresponding surfactant concentration table. (a) 8% (b) 20% (c) 60% HPA to 
TOPO (d) HRTEM image of a single arrow-shaped CdSe NC synthesized at 60% 
HPA to TOPO. 
 
This anisotropic growth on the favoured (00 1̅ ) facet originates from the inversion 
asymmetry in CdSe wurtzite crystal phase which is illustrated in Figure 1.17, where Cd 
atoms on (001̅) facet have three dangling bonds while there is only one dangling bond on 
(001) facet. The study argues that HPA accentuates the differences in various facets by 
promoting the growth rate of (001̅) facet significantly. This argument is further verified by 
the arrow-shaped nanorods at high HPA (60%) concentration, where (001̅)  facet has 
extremely high relative growth rate comparing to other facets leading to broadening at the 
(001̅) end resulting in arrow shapes (Figure 16.c, d). 
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Figure 1.17. Atomic model of CdSe wurtzite structure. 
 
 
1.3.2.1 Choice of Ligands 
Organic capping ligands can control the anisotropic growth on various NC facets and have 
profound effects on growth mechanism and physical properties of synthesized NCs.30, 57, 
71, 75 Organic ligands typically have anchoring functional headgroups attached to NC’s 
surface and hydrocarbon tails directing away from the NC core to minimize the overall 
exposed surface energy and facet-specific dangling bond energy. Ligands reduce the 
surface energy by binding to the exposed surface atoms and block monomer delivery by 
reducing surface atom exposure.23 It was demonstrated in CdSe wurtzite phase that the 
relative binding energies of ligands to various facets can affect the growth rates of the 
different facets to control the geometry of NCs.75, 76 
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The organic ligand capping layer can be conceptually viewed as a miniature self-assembled 
monolayer (SAM) for understanding the organic/inorganic interfaces.77 Free surfactants 
are tightly bonded to NC surfaces by strong covalent interactions, while a weak van der 
Waals interaction between hydrocarbon tails encourage dense capping layers.23  
 
Figure 1.18 (A) Examples of ligand exchange between L-, X-, Z-type ligands (B) The 
coordination of different types of ligands to metal-chalcogenide NCs.78 
As illustrated in Figure 1.18, the interaction between the NC and the ligand headgroup has 
similar origins as metal coordination complexes, and these metal-ligand interactions are 
30 
differentiated into three different classes. These are classified by Owen and co-workers as 
L-type, X-type and Z-type.78 L-type ligands are neutral two-electron donors with a lone 
electron pair that coordinates and deactivates the surface metal atoms. Typical examples 
include amines (RNH2), phosphines (R3P) and phosphine oxides (R3PO). X-type ligands 
are neutral species with one electron deficient valence orbital, thus it requires one electron 
from NC surface to form a two-electron covalent bond. X-type ligands can be neutral 
radicals with an unpaired electron to bond with neutral surface sites, or more commonly, 
monovalent ions bonding with surface sites with opposite charge, such as organic ligands 
(carboxylates (RCOO-), thiolates (RS-) and phosphonates (RPO(OH)O-)) or also inorganic 
ions (Cl-, AsS3
3-). Z-type ligands, unlike L-or X-type, are pronounced electron acceptors 
that prefer to bind with electron-rich surfaces, typically the surfaces of metal 
chalcogenides, oxides. Z-type ligands are Lewis acids with electron-deficient centers BX3, 
BH3, BR3, AlX3, CdCl2 and Pb(OOCR)2.
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The main organic ligands that are used in this thesis, including phosphine chalcogenides, 
oleylamine (OLA), oleic acid (OA) and 1-octadecene (1-ODE) will be discussed in further 
details in the following section. 
 
1.3.2.1.1 Phosphine Chalcogenides 
Owing to the high cost and high air sensitivity, phosphine oxides and acids began to lose 
their popularity since the discovery of versatility of oleylamine and oleic acid in colloidal 
synthesis.80, 81 In typical synthesis involving tertiary phosphines or phosphonic acids, metal 
chalcogenides and phosphine oxides are produced from the cleavage of phosphine-Se/Te 
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bonds via redox reactions. This reaction scheme is independent from the kind of metal 
precursors used as demonstrated from Alivisatos’ work on Tri-n-butylphosphine 
chalcogenides (TBPE; E = S, Se, Te) reacting with an oleic acid complex of cadmium or 
zinc, whereby despite variety of metal precursors used in the synthesis, the phosphine used 
in the reactions are always converted to phosphine oxides eventually.25, 74 
 
1.3.2.1.2 Oleylamine (OLAM) and Oleic Acid (OLA) 
Ever since the implementation of Oleylamine (OLAM) in colloidal synthesis, OLAM has 
been a popular bi-functional surfactant/solvent in metal chalcogenides, metal oxides, 
magnetic NCs and noble NCs synthesis.82 OLAM is a long-chain primary alkylamine and 
it is a L-type coordinating ligand that bonds to the NC surface metal atoms with the alone 
pair electrons from the amine group. Due to the nucleophilicity of the carbon-carbon 
double bond and amine group, OLAM is a good electron donor at elevated temperatures. 
The commercial compound’s high boiling temperature at around 350oC, enables reactions 
that require relatively high temperatures.82, 83 In addition, commercial OLAM has a much 
lower cost than phosphine-based ligands and is liquid at room temperature. The 
processability and applicability of OLAM as a colloidal synthesis solvent is promising, 
especially in scale-up synthesis.84 A molecular structure of OLAM is demonstrated below 
with end-to-end chain length of~ 20.47 Å and an extended diameter of 6.8 Å from the 
bended structure of C-C double bond (Figure 1.19).  
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Figure. 1.19 Molecular structure illustration of oleylamine. 
Similar to the molecular frame of OLAM, oleic acid (OLA) is a long-chain alkyl fatty acid 
with a carbon-carbon double bond in the middle with a high boiling point temperature at 
360oC. It is an electron donor and coordinating ligand.85 In practice, OLAM and OLA are 
often mixed with a non-coordinating solvent, such as 1-octadecene (1-ODE), as a co-
solvent to tune the initial nucleation burst.86 Babu and his co-workers illustrated the 
significant effects of varying OLAM, OLA and ODE mixing ratio on the crystal phase and 
geometry of CuInSe2 NCs. Pure OLAM or OLA lead to the formation of cubic CISe NCs, 
OLAM and ODE mixture shifted the crystal phase from cubic phase to wurtzite phase. 
Whereas, the addition of ODE to OLA, no significant change is observed.  When a ternary 
mixture of OLA, OLAM and ODE was used the resulting NCs were in a wurzite phase.85 
This was extended to the synthesis of Cu2ZnSnSe4 NCs
87, Cu2-xSe NCs
86, where similar 
results were demonstrated.  
 
1.3.2.2 Monomer Concentration-Mediated Colloidal NCs Shape control 
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Another good example of anisotropy-mediated NC growth is the development of two-
dimensional structures such as nanodiscs, nanoplaletes and nanosheets.59, 88-91 Suitable 
synthesis conditions in combination with suitable ligands can result in the formation of 
close-packed layers, also known as the soft-templating effect. In this effect electrostatic 
forces bind the ligands by opposite electronic charges to the surface of NCs. The long-
chained organic surfactants can form a protection layer, which decreases the surface energy 
hindering NC growth in wurtzite c-axis as illustrated in Figure 1.20.92 
 
Figure 1.20 Atomic structure of CdSe two-dimensional nanodiscs. Ligands 
deactivates the surface sterically.93 
In another CdS NC shape control paper, anisotropic growth in the <110> direction of the 
wurtzite structure results in the formation of flat hexagonal CdS NCs while pyramidal-
shaped NCs arise from isotropic growth as shown in Figure 1.21. In the transformation 
from a flat hexagonal to pyramidal shape, the molecular ratio of Cd/S precursors changed 
from 1:1 to 2:1, indicating deficiency of Cd results in the higher relative growth rate on 




Figure 1.21 (a). TEM image of a CdS hexagonal nanoplate and corresponding 
anisotropic growth direction (b) TEM image of a pyramidal-shaped NC and 
corresponding schematic structure displaying isotropic growth.94 
In a CdTe tetrapod (see section 1.3.3) synthesis paper by Alivisatos and co-workers, the 
concentration of the driving monomer Cd demonstrated its influence on controlling the arm 
length to diameter ratio as shown in Figure 1.22. As the Cd/Te ratio increases, the reaction 
rate increases, thus NC growth stays in the anisotropic regime longer and as a consequence, 
the tetrapod arms are getting longer and thinner.61 
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Figure. 1.22 TEM images of CdTe tetrapod NCs with various Cd/Te ratios.61 
 
1.3.3 Shape Control Utilizing NC Phase Polytypism  
Polytypism can be defined as the occurrence of two different crystal phases in the same 
crystalline entity.95 It is prevalent in tetrahedrally coordinated structures in group IV, III-
V and II-VI semiconductor NCs. The hexagonal wurtzite (WZ) and cubic zincblende (ZB) 
are the most common polymorphs owing to the high atom stacking freedom and small 
energy difference (≤20 meV/atom) between WZ and ZB crystal phases  96 97 Figure 1.23 
demonstrates crystal structures of WZ and ZB. The atom stacking in WZ phase from [0001] 
direction is ABABAB…while ZB phase has atom stacking sequence of ACBACBACB…, 
whereby each capital letter represents a pair of atom layers. The energy difference between 
WZ and ZB originates from the middle-neighbour atom spacing C, whereby WZ has 
shorter atomic spacing and higher ionicity and smaller atomic radius (these features make 
WZ the ground state structure compared to ZB96, 98).  
36 
 
Figure 1.23 Crystallographic structure of WZ phase and ZB phase with 
coordinating atom stacking structure from [0001]WZ direction and [111]ZB 
direction.96 
 
The epitaxial growth of WZ phase necessarily requires fivefold- (on edges) and sixfold-
coordinated atoms, which requires large deformation energies for polytypism to occur from 
a facet with different atomic arrangements. However, the almost identical atomic 
arrangement on WZ ±(0001) facets and ZB ±{111} facets (Figure 1.24) makes the 
coordination between two different crystal phases possible.  
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Figure 1.24 Atomic stacking from [0001]WZ and [111]ZB, different shaped dots 
represent atoms of different layers.96 
 
 Polytypism plays a crucial role in NC shape control, especially in establishing the three-
dimensional branched structures. A branched 3-D morphology is developed from 
nucleation of ZB polyhedral core with subsequent growth in WZ hexagonal-rod arms on 
±{111}ZB facets as demonstrated in Figure 1.25. Although all 8 ±{111}ZB facets are 
suitable for potential polytypic growth, the tetrapod structure is more commonly observed 




Figure 1.25  Schematic illustration of branched polytypic structure growth.98 
One of the first systematic studies in branched polytypism was in the well-established CdTe 
system, whereby Alivisatos and his co-workers carried out a series of experiments on CdTe 
tetrapod NC synthesis using a mixture of n-Octadecylphosphonic acid (ODPA) and tri-n-
octylphosphine oxide (TOPO) as ligands at an elevated temperature of 250oC. Under 
certain conditions, CdTe tetrapod NCs have relatively high arm length to diameter ratio as 
shown in Figure 1.26a.61 Further morphology manipulation was studied with CdSe tetrapod 
NCs, where additional monomers are injected in solutions with tetrapod “seeds”, resulting 
in dendritic shapes growns from the ends of arms where ZB layer or stacking faults occurs 
to induce this further shape development (Figure 1.26b).  
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Figure. 1.26 TEM images of a CdSe tetrapod NC and a dendritic tetrapod NC.61 
When it comes to the more complex ternary system, our group demonstrated a protocol for 
Cu2SnSe3 tetrapod NCs synthesis, where oleylamine was used as both the surfactant as 
well as the solvent. Diphenyldiselenide was used for the Se source for its moderate 
reactivity and the ability to form both wurtzite phase and cubic phase depending on the 
temperature used. Before the injection of the ionic precursor, the monomers in solution are 
heated up to 310oC, upon injection. As the thermodynamically stable ZB phase was formed 
at elevated temperature, the cold injection brought down the temperature abruptly and 
stunted the growth in ZB phase, switching dynamically stable WZ structures.38 In a follow-
up study, it was determined that the preferred WZ growth temperature window is 220-
280oC and ZB window is 255-310oC in this system.12, 99  
Exceptions on tetrapod NCs with long arms in multinary systems were observed in 
Cu2CdxSnSey (CCTSe) branched structure. Instead of direct attachment of four long WZ 
arms to the ZB core, an additional ZB part connects the arm and core by crystal phase 
twinning (ZB-ZB) and polytypic growth (ZB-WZ) (Figure 1.27).100 
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Figure. 27 HRTEM image of the detailed core-arm connection on a Cu2CdxSnSey  
tetrapod.100 
Another category of polytypism is linear polytypic growth. Contrary to three-dimensional 
branched polytypism, the two-dimensional polytypic growth initiates from the  ±(0002)WZ 
wurtzite facets with subsequent growth in the ZB phase as shown in Figure 1.28.  
 
Figure 1.28  Schematic illustration of linear polytypic structure growth.98 
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As shown earlier in Figure 1.17, in the WZ structure, -(0001) facet theoretically has three 
times more dangling bonds than +(0001) facet. This reactivity was shown to be exploitable 
in the formation of shaped NCs where anisotropicity or asymmetric structures are the target 
of synthesis. In contrary, when both WZ ends are used as nucleation facets, ellipsoidal–
shaped NCs are obtained, when only –(0001) is used as nucleation facet, arrow-shaped 
NCs are formed as demonstrated in Cu2ZnSn(SSe)4 (CZTSSe) system. When the copper 
precursor, which is also the nucleation initiating precursor, was switched from CuCl to 
Cu(I)(Ac), the precursor reactivity increases, changing the double-end nucleation to a 
single-end nucleation on WZ phase anionic facet. 31 In another linear polytypic study in 
Cu2CdSn(S1-xSex)4 system, it was discovered that the Cd content affected the relative 
reactivity on ±(0002) facets. More Cd and less Sn content leads to selective and epitaxial 
growth at the -(0002) facet only, while less Cd and more Sn produced rugbyball-shaped 
NCs by nucleation at both ±(0002) facets.98 
1.4 A Brief Review on Copper-based Colloidal NCs 
1.4.1 Binary Copper-based Colloidal NCs 
Copper chalcogenide NCs are promising materials for a diverse range of applications, such 
as photovoltaic, lighting, catalysis, etc.2 Cu2-xS, as the earlier and most research copper-
based NCs, first demonstrated its potential in light absorption in NC form.101 As an 
emerging new type of material for photovoltaic application, a wide range of synthesis 
routes have been developed to achieve morphology and crystal phase control. Cu2-xS 
hexagonal nanodisks can be obtained by thermally decomposing different copper 
precursors and elemental sulfur or dichlorodiphenyltrichloroethane.102-106 Cu2-xS nanorods 
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can be synthesized by cation exchange between CdS nanorods and Cu(I) precursors.107, 108 
In another report, Cu2S nanorods are directly synthesized with highly reactive precursors 
copper acetate and tert-dodecylmercaptan (t-DDT). Furthermore, the length of nanorods 
can be tuned by varying the nucleation temperature.109 When moving onto more 
complicated three dimensional structures, such as tetradecahedrons and dodecahedrons, 
oriented attachment induced by high precursor concentration, were employed as the main 
synthesis approach.110  
In Cu2-xSe NCs, the selection of anionic precursors can influence the NC shape and crystal 
phase (Figure 1.29). The most commonly used precursor, Se powder can be dissolved in 
different solutions to fine-tune the anionic precursor reactivity.111 Exquisite size and shape 
control of Cu2-xSe NCs (with hexagonal, bipyramidal and triangular morphologies) can be 
achieved simply by changing the solvent ratio, where compared to nanodics, the decrease 
of oleylamine results in the formation of bipyramid-shaped NCs. Whereas, the increase of 
oleic acid yields triangular NCs.112 
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Figure 1.29 TEM and HRTEM images of as-synthesized Cu2-xSe NCs: Cu2-xSe NCs 
synthesized by Route 1 with inset showing disc shaped Cu2-xSe NC (A,E) and upright 
self-assembly of Cu2-xSe NCs by Route 2 with inset showing columnar assembly of 
disc-shaped Cu2-xSe NCs (B,F); elongated hexagonal bipyramid-shaped Cu2-xSe NCs 
by Route 3 (C,G), with inset showing one polyhedron Cu2-xSe NC; arrayed triangular 
Cu2-xSe NCs synthesized by Route 4 (D,H), with inset showing illustration of single 
triangular Cu2-xSe NC.112 
1.4.2 Ternary Copper-based Colloidal NCs 
Copper indium sulphide (CIS), as the most researched ternary copper-based colloidal NCs, 
has gained considerable attention for its suitable bandgap energy (1.45 eV), and large 
absorption coefficiency (α =5× 105 cm−1).113 Some synthesis routes for quantum-confined 
CIS NCs (3-8nm) involve the usage of monovalent copper precursors, indium acetate, 1-
dodecanethiol (DDT) with 1-octadecene (1-ODE) used as the solution. 114-124 CIS quantum 
dots are often coated with a ZnS, resulting in substantial increases in the PL QY from 20% 
up to 60%.118, 120-126 Furthermore, the coordination of CIS core (Eg = 1.5eV) with ZnS and 
ZnS shell (Eg = 3.7eV) creates a new family of NCs with visible spectrum bandgap 
energy.127-131  
In term of general NC shape control, two dimensional nanoplates consisting of wurtzite 
phase can be synthesized at lower to moderate temperatures (150-250°C) and higher TOPO 
concentrations, whereas zero dimensional quasi-sphere NCs in zinc blende phase can be 
formed under higher temperatures (350°C).132 The formation of CIS nanorod starts from 
Cu2S nanodiscs (Figure 1.30a) and then proceeds through an intermediate stage where CIS 
rods grow epitaxially from Cu2S nanodiscs as shown in Figure 1.30b. CIS rods then further 
elongate at the consumption of Cu2S nanodiscs (Figure 1.30c). Finally, monophasic CIS 
nanorods complete growth at the expense of intermediate biphasic NCs (Figure 30d).128, 
133, 134  
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Figure 1.30. Schematic of the proposed growth mechanism for CIS nanorods depicted 
by (a) initial formation of Cu2S nanodisks, (b) epitaxial overgrowth of CIS onto one 
face of the Cu2S nanodisks leading to biphasic nanorods, (c) continued growth of CIS 
occurs simultaneously with conversion of Cu2S into CIS and (d) monophasic CIS 
upon reaction completion. 
Copper indium selenide (CISe) NCs have one of the most researched ternary NCs since its 
first successful synthesis reported in 1999. 135 Two types of Se precursors are commonly 
used in CISe NC synthesis, namely Se powder and diphenyl diselenide. The diphenyl 
diselenide preferably forms wurtzite phase,136, 137 while injection temperature plays a key 
factor in synthesis involving Se powder. The chalcopyrite phase was formed when 
selenium was added at 130°C, while the sphalerite phase can be obtained at 285°C.26  
Cu2SnSe3 is an important category of earth-abundant and low-toxic material, its synthesis 
in zinc blende and wurtzite phases have been reported in recent reports.38, 99, 138-142 Amongst 
these NCs, Wang and co-workers reported three dimensional tetrapod NCs using diphenyl 
diselenide as the anionic precursor, where the thermodynamically-stable zinc blende core 
was synthesized at higher temperature, while dynamically-stable wurtzite arms were 
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formed at lower temperature after injection.38  Linear heterostructures of Cu2SnSe3 have 
also been reported, in which the NCs nucleate first with wurtzite then zinc blende structure 
growth from both ±(0001) facets of wurtzite phase.99 
1.4.3 Quaternary Copper-based Colloidal NCs 
Copper indium gallium selenide (CIGSe) NCs were first synthesized in 2008. Both early 
researches involved the usage of Cu, In and Ga metal acetylacetonate precursors, 
oleylamine and Se powder.143, 144 In a later research on CIGSe evolution, Ahmadi and co-
workers145 unraveled the formation process of the quasi-sphere NCs with diameters of 
around 20 nm. They observed that the NC growth starts from Cu2Se triangular nanosheets, 
then the crystal growth goes through a transition process where a medium biphase mixture 
of Cu2Se NCs and small CIGSe NCs appear. The small CIGSe NCs continue to grow at 
the expense at Cu2Se nanosheets until eventually the biphasic transition ends with only 
CIGSe NCs as the final products. The whole process is shown in Figure 1.31.   
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Figure 1.31 TEM images illustrating the overall evolution pathway, in which 
dissolution of CuSe nanoparticles occurs initially, followed by growth of CIGSe inside 
these particles at (a) 130°C, (b)  160°C, (c)  200°C, (d)  230°C. (e) Proposed schematic 
for the growth mechanism of CIGSe.145 
In 2009, kesterite copper zinc tin sulfide (CZTS) NCs were synthesized by separate 
injection of precursors in to the hot ligand/solution (trioctylphosphine (TOPO)), forming 
NCs with monodispersity (12.8nm + 1.8nm).146 By replacing TOPO with OLA, Steinhagen 
et al carried out a one-pot synthesis approach resulting in highly monodispersed NCs with 
diameters around 10.9 nm.147 CZTS NCs exhibiting quantum confinement, ranging from 7 
nm to 2 nm have been successfully synthesized with resulting band gap value varying from 
1.5eV to 1.8eV.148 In a different synthesis report from Singh et al, the highly 
monodispersed CZTS nanorods (35 nm in length and 11nm in diameter) were synthesized. 
Four ligands/solvents were used, namely OLA, oleic acid, 1-DDT and tert-DDT with the 
elongation of the wurtzite nanorods along the [0002] direction attributed to the injection of 
thiol mixture.149 The evolution of CZTS NCs was studied by Ryan et al, using aliquot 
studies. The distinct stages in nucleation and early crystal growth were broken down to 
CuS nucleation, followed by subsequent incorporation of Sn and Zn.150 
Cu2ZnSn(S1−xSex)4 (CZTSSe) NCs are formed by partially replacing S in CZTS NCs with 
Se. The S to Se ratio in CZTSSe NCs provides one more tunable factor in bandgap 
engineering. As demonstrated in a research on CZTSSe nanorods, the bandgap energy 
changes controllably from 1.48 eV to 0.89 eV when the S to Se ratio changes from 1:4 to 
1:0.151 Another research brought by Singh et al studies the effects of coordinating solvents 
(OLAM) in controlling the occurrence of polytypism in CZTS.31 
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The first colloidal CZTSe NCs synthesis was developed in 2010 by Shavel et al, in which 
NCs of stannite crystal phase sized 20 nm are obtained in the presence of phosphorous-
based ligands and 1-ODE.152 In a study carried out in 2012, wurtzite structure was 
synthesized using copper oleate, zinc oleate and tin chloride as the cation precursors, while 
kesterite structure was made by replacing copper and zinc precursors with copper 
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 CHAPTER 2. Characterization Techniques 
2.1 Transmission Electron Microscopy (TEM) 
2.1.1 Transmission Electron Microscopy (TEM) 
TEM is a crucial characterisation technique in NC synthesis research. It offers powerful 
and thorough analysis on NC morphology (tomography, STEM), crystal structure (FFT, 
electron diffraction) and chemical composition analysis (EDX, EELS). The first TEM was 
built in 1931 by Ernst Ruska and Max Knoll, showing significantly improvement in 
resolution compared to the light microscope. Further development and utilisation of TEM 
technique has drawn vast interest, ever since the first commercial TEM was built in 1939. 
The continuous innovations in TEM, especially the recent advancement in chromatic- and 
spherical-aberration corrections have shed light on studies of micro- and nano-structures 
by enabling sub-angstrom resolution imaging and analysis.1  
The basic working concept of TEM is partially transferring the ionizing radiation of 
electrons from the active field of nuclei to individual atoms on specimen. The intensity of 
“absorbed” electrons is then converted to light intensity for display on a flat screen (Figure 
2.1). It is worth noting that not all incident electron beam ionizing radiation is used in 
imaging with a wide range of secondary signals. Backscattered electrons (BSE), 
elastically/inelastically scattered electrons, X-rays are used for analytical electron 
microscopy (AEM), giving us chemical analysis such as electron energy-loss spectrometry 
(EELS) and X-ray energy-dispersive spectrometry (XEDS). Another important feature of 
TEM is its large depth of field. In another word, it is the distance over which the image can 
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move relative to the object and still remain focus. Compared to the lenses in light 
microscopes, the lenses in TEM improve their performance by facilitating insertion of 
various small limiting apertures. The narrowed beam with diameters of a few micrometers 
can effectively increase the depth of field of the specimen and the depth of focus of the 
images produced, making the top to bottom surfaces always in focus independent of the 
topology as along as the specimen is penetrable by an electron beam. Intermediate voltage 
TEM (IVTEM), ranging from 200V to 400V in combination with spherical-aberration (Cs) 
permits the generation of smaller probes with higher currents for higher analytical 
sensitivity.2 
 
Figure 2.1 A uniform intensity of electrons, represented by the horizontal lines, falls 
on a thin specimen. Scattering within the specimen changes both the spatial and 
angular distributions of the emerging electrons.1 
Here listed below are some of the TEM techniques used in this thesis.   
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2.1.2. Scanning Transmission Electron Microscopy (STEM) Imaging 
Scanning transmission electron microscopy (STEM) produces information of specimen 
surface topology and chemical composition by using the combined information from beam 
position and the intensity of detected signal.3 As the focused beam scans through the thin 
specimen, secondary electrons emitted from the excited atoms are collected with various 
detectors placed under the specimen section. As the scanning coils not only control the 
scanning beam on the specimen but also scan the computer display synchronously. STEM 
imaging is a much slower process than TEM imaging (around 2048 scans in one image).4 
Multiple detectors can be placed under the specimen and work in co-operation with one 
another. The detector surrounding bright field (BF) detector is the annular dark-field (ADF) 
detector which collects the scattered electrons around BF, forming complimentary BF 
image and DF image.5 When annular-shaped high-angle detector was used, high-angle 
annular STEM (HAADF) images are generated, in which the image intensity is 
predominantly decided by Rutherford and thermal diffusion scattering. When images are 
taken from the appropriate zone axis direction, the image intensity if roughly square of the 
atomic number of the materials.6, 7 In early 2000, the usage of aberration-corrected probe 
forming optics brought the STEM imaging resolution further to sub 50 pm.8 For example, 
a HAADF image and ABF image of ternary NC Co-W-C are displayed in Figure 2.2a and 
2.2b respectively, where corresponding atomic models were built based on the atomic 
structure analysed from the image intensity change.9 
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Figure 2.2. (a) HAADF image of a single Co-W-C NC from zone axis [310]. (b) 





All TEM imaging is the 2D projection of a 3D specimen which fundamentally limit its 
capability to visualize 3D samples. Utilizing stereo imaging to regain the depth and 
geometry information requires a parallax shift generated from two images from a slightly 
tilted angle of the same scene. Using images from a series of tilted small angles taken from 
the same scene at the same contrast and magnification, a 3D structure can be reconstructed 
from stereo viewer. As an example, Figure 2.3 shows the tomography and digital 
reconstruction of a porous zeolite.10  
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Figure 2.3. Schematic representation of an electron tomography experiment. In a first 
step a series of projection images is acquired while tilting the specimen inside the 
electron beam of the microscope (top left), in a second step the object matrix is 
constructed using a back-projection algorithm (top right). Bottom left and middle 
shows two projections of the porous structure. The bottom right shows the 
reconstructed 3D matrix.10 
  
2.2 X-Ray Powder Diffraction 
In 1912, a physicist, Max von Laue announced his discovery of X-ray diffraction in crystals 
in a three-dimensional diffraction grating.11 The rapid development of XRD has enabled it 
to be one of the most important tools in crystallography for identifying, quantifying and 
characterizing crystal structures. XRD utilizes the interaction of waves with periodic 
structures (such as crystals) to produce diffraction effects. These diffractions from the 
incident X-ray are redistributed by crystals to distinct directions corresponding to the 
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periodic structural features. Therefore, the intensity of certain scattering peaks rises 
drastically to generate individual patterns for different materials.12 
In Figure 2.4a, Bragg’s law is used to describe this phenomenon: 2dsinƟ=n λ, where d is 
the interplanar spacing which is constant in a certain crystal. Ɵ is the incident angle, n is a 
positive integer and λ is the wavelength of incident X-ray.13 
 
Figure 2.4 (a) Bragg diffraction. Two beams with identical wavelength and phase 
approach a crystalline solid and are scattered off two different atoms within it. The 
lower beam traverses an extra length of 2dsinθ. Constructive interference occurs 
when this length is equal to an integer multiple of the wavelength of the radiation. 13 
(b) Sample indexed XRD spectrum of AlGaN in WZ phase.14 
In a nutshell, X-ray diffractometer consists of 3 components, X-ray source, sample stage 
and detector.12 In the cathode ray tube, electrons are produced by heating a filament and 
accelerated with high voltage (~50 kV). These electrons collide with a metal plate 
(typically copper plate with CuKα radiation of 1.5418 Angstrom). The collision produces 
electromagnetic radiation that is later filtered to a single wavelength and collimated to a 
single direction before striking the crystal. During an XRD measurement, Ɵ is varied 
within a desired range, and diffracted X-ray peaks will be detected at points where 
constructive interference occurs. These interferences are determined by interplane spacing. 
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Multiple peaks will be detected for different interplane spacings and form a characteristic 
spectrum (Figure 2.4b), allowing interpretation of crystal phase as well identifying the 
compound.  
2.3 Raman Spectroscopy 
Raman spectroscopy utilizes characteristic vibrational modes within materials to identify 
compounds. It relies on the interaction between an incident light beam (usually a laser in 
the optical region) and phonons in the material. The monochromatic laser light can be 
absorbed, transmitted, reflected, or scattered by the sample. As the incident photon is 
absorbed through a vibrational mode, it can then be re-emitted by relaxation of the material 
with more (anti-stokes), less (stokes) when inelastic collisions occurred between light and 
sample molecules; or equal (Rayleigh) energy with elastic collisions (Figure 2.5a).  Raman 
spectroscopy is concerned with analysis of inelastic collision induced Raman scatter. The 
shift in photon energy scattering is detected and used to construct a Raman spectrum 
(intensity/counts vs Raman shift).  
Each material has its characteristic peaks in the spectrum as shown in Figure 2.5b. The 
Raman shift can then be used to identify specific compounds.  
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Figure 2.5 (a) Energy band diagram showing the transitions involved in stokes, anti-
stokes and Rayleigh scattering.15 (b) Raman spectrum of CTSe tetrapod NCs showing 
characteristic peak at 179.9 cm-1 and 231.6 cm-1.16 
Raman spectroscopy is especially sensitive to chemical composition change in Cu-based 
chalcogenide compounds. Therefore, it was mainly used to confirm the chemical 
composition variation in a series of samples and to rule out the presence of unwanted 
secondary phases in Chapter 3.  
2.4 Low-temperature Photoluminescence Spectroscopy 
Photoluminescence spectroscopy is primarily concerned with electronic and vibrational 
states (other main molecule energy states involve translational energy states and rotational 
energy states.)  
Electrons in atoms and molecules can change energy levels by emitting or absorbing a 
photon which has the energy that matches the energy difference of different energy levels. 
Orbitals can be promoted from the lowest vibrational level of the ground electronic state 
to first excited state S1, or second excited state S2 as shown below in Figure 2.5. After the 
absorption of a high-energy photon, the system is excited electronically as shown in the 
arrows pointing upwards in the diagram. After the emission of a photon, the system goes 
through relaxation vibrationally and emits fluorescence at long wavelength as indicated by 
the shorter arrows pointing down wards.  
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Figure 2.5 Electron orbitals transitions, absorption and emission diagram. 
The discrete absorption energy quanta result in a series of distinct absorption bands. Each 
vibrational level is associated with many rational levels, which on one hand, increases the 
complexity of the band structure to a point where it is almost impossible to resolve 
individual transitions. On the other hand, it grants most materials broad absorption spectra 
except for those where rotational levels are restricted (for example, planar, aromatic 
compounds). 
Most electrons occupying the higher electronic states (higher than the second electronic 
state S2) undergo internal conversion and pass from the lowest vibrational level of the upper 
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electronic state to the highest vibrational level of the lower electronic state which has the 
same energy. Further relaxation can then occur from here to reach the first excited state.17, 
18 The emitted photons during the relaxation are then detected to analyze the sample’s 
energy transition behavour and band structure. 
The addition of He or liquid N2 cryostat cools the sample station to 7K or 77K. The low-
temperature environment limits the thermal transition of energy carriers from low energy 
states to high energy states, allowing the collection of signal peaks at the low energy states. 
At room temperature, vibrational and rotational transitions are more active, and non-
radiative recombination is more profound than they are in low-temperature environment. 
A lot of copper chalcogenides’ emission peaks cannot be detected at room temperatures 
due to the reasons above. Therefore, all PL tests were carried out at low-temperature in this 
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Chapter 3. Synthesis and Characterization of CuZnSe2 Nanocrystals in Wurtzite, 
Zinc Blende and Core-Shell Polytypes 
 
Abstract 
CuZnSe2 (CZSe) is an important ternary semiconductor comprised of earth-abundant 
elements with a suitable bandgap for visible light absorption and structural/stoichiometric 
versatility that make it a promising candidate for photovoltaic applications. Here we report 
the controlled synthesis of this compound copper chalcogenide in nanocrystal form using 
a colloidal hot-injection approach. The as-synthesized CZSe nanocrystals (NCs) are nearly 
monodisperse with a typical size of ~27 nm (WZ), ~11 nm (ZB) and ~45 nm (polytype). 
Furthermore, we demonstrate control over the crystal phase to occur either as wurtzite 
(WZ) or zinc blende (ZB) as a function of the presence and absence of phosphorous-based 
ligands. A major emission peak was observed at ~1.7 eV using low-temperature 
photoluminescence (PL), ranging from 30 K to 200 K. Additionally, we demonstrate the 
ability to extend this synthetic protocol to form a polytype structure comprised of a ZB 
core with a WZ shell.  
Introduction 
Copper-based multicomponent colloidal nanocrystals (NCs) are an important category of 
colloidal NCs due to their high light absorption coefficients, band gap energy tunability, 
relatively low-toxicity and high earth-abundance.1 Amongst many common bottom-up 
synthesis protocols, colloidal hot injection syntheses have proven to be a versatile approach 
to generate a wide range of compound copper chalcogenide NCs comprised of multiple 
additional metal cations from  main group (e.g. Sn) and transition metal sources (e.g. Fe). 
These cation substitutions in ternary and quaternary copper chalcogenide systems, along 
with the morphology modification possible due to the range of crystal phases allow for 
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particle design by composition, size and structure. In addition, the occurrence and control 
of polytypism in these copper chalcogenides have allowed for even greater complexity in 
shape as a function of nucleating in one phase with a switch to growth in the alternate.2-5 
The ability to control composition, as a function of the ratio of elements, allows for a facile 
band gap tuning that is not size dependent to the small Bohr radius of these materials 
(typically ~2.5 nm). 1, 6-8 
From a functional application perspective, ternary and quaternary copper-based 
chalcogenides with indirect bandgap structures, designed for non-radiative applications can 
be conceptually derived from II-VI (e.g. CdTe) binary chalcogenides with direct bandgaps 
by complete replacement of the divalent cations (e.g. Zn9-12, Fe13-15, Cd4, 5) by monovalent 
cations (e.g. Cu) and other cations of various valence (III- Al16-18, Ga19-21, In22-29; IV-Sn3, 
30-32, Ge33-35; V- Sb36-38, Bi39, 40). A number of groups have used this ability to tune 
composition in addition to nanoscale morphology to attain desired physical and chemical 
properties.1, 41, 42 In the well-studied I-III-VI systems, the composition can be tuned in a 
broad range, both stoichiometrically and non-stoichiometrically due to the ability to exploit 
defects or vacancies of the I and III species.43 We previously reported a complete study on 
the modulating effect of NC shape control and crystal phase for ternary Cu2SnSe3 (I2-IV-
VI3), with the bandgap energy changing from 1.34 to 1.54 eV
31. There are some interesting 
observations from related ternary composition in thin films where, for example, a variation 
of the Cu to Cd ratio makes a Cu1-xCdxS2  thin film change its conductivity type between 
p-type and n-type.44 A similar conclusion was reached for CuZnS sprayed films, where 
conductivity changes of 4 orders of magnitude, as a function of the Cu concentration were 
reported.45 In a further derivation of this structure with Zn addition to form the quaternary 
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(I-II-IV-VI system (Cu2ZnSn(SxSe1−x)4), chemical composition ratio tuning and crystal 
structure control allowed tuning of the bandgap from 1.4 eV to 0.9 eV.46 The emission 
behavior of Cu2ZnSnS4 polycrystals at 10 K was further studied where two PL emission 
bands at 1.27 and 1.35 eV were induced by band-to-impurity recombination due to the deep 
defect states.47 While a broad range of compositions in ternary and quaternary 
chalcogenides have been formed, there are combinations that have remained elusive. In 
particular, CuZnSe2 has not been directly formed and is interesting as it only consists of 
earth-abundant elements and has significant potential in solar cells, catalysis and 
thermoelectrics. Zn inclusion to date has only been achievable in the quaternary form, with 
a ternary intermediate. For example CuZnInSe3
48 derived from Cu2InSe3 or Cu2ZnSnSe4
49-
51 derived from Cu2SnSe3. Although there has been some success with cation exchange of 
Cu in binary Zn sulphide/selenide NCs52-54 to make ZnSe:Cu/ZnS:Cu NCs, it is attractive 
to tune the electronic and/or optical properties via direct Zn and Cu incorporation.  
Herein, we report a direct colloidal hot injection synthesis of CuZnSe2 NCs with a tight 
size distribution. Furthermore, we demonstrate crystal phase control using phosphorus-
based ligands while the reaction temperature, precursors and solvent remain unvaried. The 
presence of phosphorus-based ligands completely favored ZB crystals whereas their 
absence favored WZ. Moreover, polytypic CZSe NCs were successfully synthesized with 
a zinc-blende core and wurtzite shell. The particles are characterized by HRTEM, electron 
diffraction, EDX, XRD, and Raman and temperature-dependent photoluminescence 
combined with atomic modelling. 
 
Chemicals and Experimental Procedure 
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Materials. copper(II) acetylacetonate (Cu(II)(acac)2; Sigma Aldrich, >99.99 %), copper(I) 
chloride (Cu(I)Cl; Sigma Aldrich, >99.99 %),  zinc acetate (Zn(Ac)2, Sigma Aldrich, 
>99.99 %), hexylphosphonic acid (HPA, Sigma Aldrich, >95 %), triotylphosphic oxide 
(TOPO, Sigma Aldrich, >99%), diphenyl diselenide (DPDSe, Sigma Aldrich, 98 %), 
oleylamine (OLAM, Sigma Aldrich, technical grade, 70 %) were purchased from Sigma 
Aldrich. All chemicals were used as purchased without further processing.  
Synthesis of WZ CZSe NCs (Hexagonal Plates). In a typical synthesis, Cu(II)(acac)2 (0.5 
mmol), and OLAM (10 ml) were added in a three-neck flask and evacuated at 60 °C for 20 
min. The solution was then heated to 250 °C in 15 min under the protection of argon. 
Injection solution 1 consisted of DPDSe (0.625 mmol) and OLAM (2.5 ml), injection 
solution 2 consists of Zn(Ac)2 (0.25 mmol) and OLAM (1.5 ml). Injection solution 1 was 
injected to the mother solution in a three-neck flask at 155°C via a syringe, injection 
solution 2 was injected 20 seconds after the first injection. After the mother solution 
temperature reached 250 °C, the reaction was allowed to proceed at this temperature for 
another 10 minutes with continuous stirring from a magnetic stirrer. The reaction was 
terminated by removing the heating mantle and quenched with 30 ml of toluene when the 
temperature was cooled to 90 °C naturally.  
Synthesis of ZB CZSe NCs (Spherical Particles). In a typical synthesis, Cu(II)(acac)2 
(0.5 mmol), HPA (0.5 mmol), TOPO (0.5 mmol) and OLAM (8 ml) were added in a three-
neck flask and evacuated at 60°C for 20 min. The solution was then heated to 250 °C in 15 
min under the protection of argon. Injection solution 1 consisted of DPDSe (0.3125 mmol) 
and OLAM (2.5 ml).  Injection solution 2 consisted of Zn(Ac)2 (0.25 mmol) and OLAM 
(1.5 ml). Injection solution 1 was injected into the mother solution in a three-neck flask at 
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155 °C via a syringe with solution 2 injected 20 seconds later. After the mother solution 
temperature reached 250 °C, the reaction was allowed to proceed at this temperature for 
another 10 min with continuous stirring from a magnetic stirrer. The reaction was 
terminated by removing the heating mantle and quenched with 30 ml of toluene when the 
temperature was cooled to 90 °C naturally.  
Synthesis protocol of Polytypic Structure. In a typical synthesis, Cu(I)Cl (0.25 mmol) 
and OLAM (10 ml) were added in a three-neck flask and evacuated at 60°C for 20 min. 
The solution was then heated to 310 °C in 15 min under the protection of argon. Injection 
solution 1 consisted of DPDSe (0.25 mmol) and OLAM (2.5 ml). Injection solution 2 
consisted of Zn(Ac)2 (0.25 mmol) and OLAM (1.5 ml). Injection solution 1 was injected 
into the mother solution in a three-neck flask at 310 °C via a syringe followed by solution 
2 after 7 seconds. After the mother solution temperature reached 310 °C, the reaction was 
allowed to proceed at this temperature for another 10 min with continuous stirring from a 
magnetic stirrer. The reaction was terminated by removing the heating mantle and 
quenched with 30 ml of toluene when the temperature was cooled to 90 °C naturally.  
Washing procedure for WZ and ZB NCs: 
Toluene:IPA (1:1) was added in the crude product. Mixture was centrifuged at 4000 rpm 
for 2 minutes. The upper clear organic solution was discarded. This process was repeated 
three times to remove all excessive organic ligands. The final product was dispersed in 
toluene for further analysis. 
Washing procedure and selective centrifuge separation for polytypic structure: 
Toluene:IPA (1:1) was added in the crude product. Mixture was centrifuged at 4000 rpm 
for 2 minutes. The upper clear organic solution was discarded. The precipitate was 
dispersed in 50 ml toluene and left to precipitate naturally for 15 minutes. The upper 
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solution with well-dispersed NCs were collected and washed twice with toluene:IPA (1:1) 
solution. The final product was dispersed in toluene for further analysis.  
Transmission and scanning electron microscopy:  
The morphology of CZSe NCs were characterized by transmission electron microscopy 
(TEM) and angular dark-field scanning transmission electron microscopy using a JEOL 
JEM-2011F, operating at an accelerating voltage of 200 kV. The energy-dispersive 
spectroscopy (EDS) experiments were performed on an aberration-corrected transmission 
electron microscope FEI Titan Cubed Themis G2 300. 
X-Ray diffraction analysis:  
X-Ray diffractograms of powder CZSe NC samples on a silicon zero background substrate 
were carried out on a EMPYREAN using Cu Kα radiation. 
Raman spectroscopy:  
Raman data was collected with a NTEGRA Spectra, NT-MDT equipped with a 532 nm 
and 632.8 nm laser. Measurements were obtained in reflection using a 0.5 NA objective 
(UPLFLN, Olympus), after an edge filter the Raman signal was collected by a cooled CCD 
camera (iDus, Andor) using an 1800 groves/mm grating. All spectra were obtained with an 
integration time of 20 seconds with 10 accumulations, with laser power on the sample 
measured as 2.5 mW and 1.5 mW for the green and red lasers, respectively. Spectra were 
calibrated using the low wavenumber peaks of sulphur.  
PL:  
Low temperature photoluminescence (PL) was carried out by a nitrogen-cooled cryostat 
system (MicrostatN, Oxford Instruments) at 77 K. A 405 nm laser diode (Thorlabs CPS405) 
was used to excite the sample through a 50 X objective (Olympus ULWD MIRPlan 
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NA=0.55). The PL signals were collected by the same objective and analysed by a 
spectrograph (ANDOR SR-193i-B1) with an 800 grove/mm grating and Princeton 
Instruments SP2500i CCD camera.  
X-ray photoelectron spectroscopy:  
The NCs were characterized using a Kratos Axis Ultra spectrometer. High resolution 
spectra were taken using monochromated Al Kα radiation of energy of 1486.6 eV at fixed 
pass energy of 20 eV. For peak synthesis, a mixed Gaussian-Lorenzian function with a 
Shirley type background subtraction was used. Samples were flooded with low energy 
electrons for efficient charge neutralisation. Binding energies (BE) were determined using 















Results and Discussion 
 
Figure 3.1 (a) HRTEM image of a single hexagonal WZ CuZnSe2 plate NC from the 
[0002] direction; corresponding fast Fourier transform (FFT) (top inset); 
corresponding atomic modelling showing cations white and Se purple (bottom 
insertion)- (b) HRTEM image of a single hexagonal WZ CuZnSe2 plate nanocrystal 
with (c) Corresponding FFT, (d) Enlarged lattice fringes from selected area in b.  (e) 
Corresponding atomic modelling of d. (f) STEM image of a hexagonal WZ CuZnSe2 
plate NC with corresponding STEM-EDS elemental maps related to Cu (red), Zn 
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(yellow) and Se (cyan). (g) Low magnification TEM image of WZ CZSe NCs with 
corresponding size distribution histogram.  
 
The synthesis protocol for WZ CZSe NCs involved the use of Cu(II)(acac)2 and diphenyl 
diselenide in the initial nucleation stage with the Zn precursor (Zn(Ac)2) subsequently 
introduced via a separate injection. The segregation of the Cu precursor and Zn precursor 
induced homogeneous nucleation between Cu and Se without the partition of Zn. Figure 
3.1a shows a HRTEM image of a typical WZ CZSe hexagonal nanoplate with a side length 
of 12.52 nm. The top right inset of the FFT from the WZ [0002] direction is used to 
calculate d-spacings and reveal the crystal phase. The three equivalent (110) facets have a 
d-spacing of ~0.21 nm and form ~60-degree angles with one another, which is in good 
agreement with the atomic modelling in the bottom left inset. HRTEM in Figure 3.1b 
allows further analysis of the WZ crystal structure from a WZ CZSe plate on its edge with 
a thickness of ~11 nm. The highlighted area in Figure 3.1b is presented as Figure 3.1d and 
demonstrates the ABABA… packing characteristic of the WZ crystal phase viewed along 
its c-axis ([0002] growth direction). The calculated d-spacing of the (002) facet from FFT 
is ~0.39 nm (Figure 3.1c). The measured d-spacing and indexed lattices are also in good 
agreement with atomic modelling in Figure 3.1e.  STEM-EDS mapping (Figure 3.1f) 
confirms the presence and homogeneous distribution of three elements within the 
nanostructure. Energy dispersive X-ray spectroscopy was used to determine the chemical 
composition and measurement of three randomly selected areas gave an average 
composition of Cu:Zn:Se = 1.12:1.00:2.09 (Figure 3.2a-3.2c and Table 3.1). The WZ CZSe 
NCs are slightly Cu-rich and Se-poor (Cu/Zn = 1.12; Se/(Cu+Zn) = 0.99), which is 
consistent with inductively coupled plasma (ICP) analysis (Table 3.2). The lower 
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magnification TEM image displays the uniformity of WZ CZSe NCs with a relatively 
narrow size distribution as shown in the corresponding histogram (Figure 3.1g). More TEM 
images of WZ NCs can be found in Figure 3.3.  
 
Figure 3.2 (a-c). Energy dispersive spectra of WZ NCs; (d-f). Energy dispersive spectra of ZB 
NCs; (g-i). Energy dispersive spectra of Polytypic NCs. 
 
Table 3.1 Chemical composition by energy dispersive X-ray 
 
 
Table 3.2 Chemical composition by inductively coupled plasma (ICP) 
 Cu Zn Se 
WZ 24.3% 21.3% 54.4% 
 WZ% ZB% Polytypes% 
 Site 1 Site 2 Site 3 Ave Site 1 Site 2 Site 3 Ave Site 1 Site 2 Site 3 Ave 
Cu 26.90 25.30 27.50 26.57 25.80 22.80 24.60 24.40 44.10 43.60 46.10 44.60 
Zn 22.80 23.70 24.90 23.80 26.20 24.20 28.60 26.33 17.00 16.70 15.20 16.30 
Se 50.30 51.00 47.60 49.63 47.90 52.90 46.80 49.20 38.90 39.60 38.70 39.07 
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ZB 31.7% 21.5% 46.8% 
Polytypes 46.0% 14.8% 39.2% 
 
 
Figure 3.3 TEM images of CZSe WZ hexagonal plate NCs at different 
magnifications. 
The formation of ZB NCs was achieved by inclusion of trioctylphosphine oxide (TOPO) 
and hexyl phosphonic acid (HPA) into the synthesis protocol. 
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Figure 3.4 (a) HRTEM image of a single spherical ZB CuZnSe2 nanocrystal, with the 
corresponding fast Fourier transform (FFT) (top inset) and corresponding atomic 
modelling (bottom inset) with cations white and  Se purple; (b) STEM image of 
spherical ZB CZSe NCs with corresponding STEM-EDS elemental map related to Cu 
(red), Zn (yellow) and Se (cyan). (c) Low magnification TEM image of ZB CZSe NCs 
with corresponding size distribution histogram. 
Figure 3.4a is a HRTEM image of a ZB CZSe nanocrystal that is spherical in shape with a 
diameter of ~13 nm. The (002) d-spacing as calculated from FFT (top inset) is ~0.32 nm. 
The HRTEM image of the ZB NC is slightly off-angle to the most-exposed ZB (111) facet 
which is confirmed by the slight difference between modelled and directly measured d-
spacings (~0.35 nm versus ~0.32 nm). The STEM-EDS elemental mapping (Figure 3.4b) 
confirms the presence and homogeneous distribution of Cu (red), Zn (yellow) and Se 
(cyan) within the NCs. The low magnification TEM image with the corresponding size 
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distribution histogram presented in Figure 3.4c shows the uniformity of ZB CZSe NCs 
achieved using this synthetic approach. More TEM images are included in Figure 3.5. 
Again, energy dispersive X-ray spectroscopy was used to measure the chemical 
composition where an average composition of Cu:Zn:Se = 1.00:1.08:2.02 (Figure 3.2d-
3.2f and Table 3.1) was observed following the measurement of three randomly selected 
areas. The ZB CZSe NCs are slightly Zn-rich and selenium-poor (Cu/Zn = 0.93; 
Se/(Cu+Zn) = 0.97), in good agreement with ICP analysis (Table 3.2).  
 
Figure 3.5 TEM images of CZSe ZB spherical NCs at different magnifications. 
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Figure 3.6 XRD pattern of WZ CuZnSe2 NCs and ZB CuZnSe2NCs with simulated 
WZ and ZB XRD patterns 
The structure of the as-synthesized NCs was characterized by X-ray diffraction (XRD), as 
shown in Figure 3.6. The main reflections for WZ are at 25.6°, 26.9 °, 29.0°, 37.7°, 44.8°, 
48.9°, 53.1°, 60.3°and 68.9° can be respectively indexed to the (100), (002), (101), (102), 
(110), (103), (112), (202) and (203) planes of the wurtzite structure. Five reflections at 
27.2°, 31.6°, 45.1°, 53.4°, 65.6° can be indexed to (111), (200), (220), (311) and (400) 
planes of zinc blende structure, respectively. The lattice parameters were calculated from 
the experimental XRD pattern by fitting the main diffraction peaks corresponding to the 
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cubic and wurtzite structures. The lattice parameters of WZ are a = b = 4.0192 Å and c = 
6.7112 Å calculated from the fitting of (002) and (110) planes. The lattice parameter 
calculated for the cubic structure is a = 5.7910 Å, calculated from the fitting of the (111) 
plane. The completed peak lists and corresponding plane indexes can be found in Table 3.3 
and Table 3.4. These calculated lattice parameters along with the crystal structures were 
derived from ZnSe, by randomly substituting partial Zn ions with Cu ions. 






25.5931 3.48069 100 
26.9285 3.31103 002 
28.9746 3.08171 101 
37.7116 2.38542 102 
44.7774 2.02405 110 
48.8811 1.86330 103 
53.0736 1.72557 112 
60.2556 1.53595 202 
65.2501 1.42994 ZB008 
68.8884 1.36191 203 
 






27.1764 3.46048 111 
31.5757 2.83353 200 
45.1018 2.01024 220 
53.3705 1.71667 311 





Figure 3.7 (a) Raman spectra of WZ CZSe NC sample and ZB CZSe NC sample 
excited under 532 nm green laser and (b) 632.8 nm red laser respectively.  
Raman spectra of the NCs under two excitation lasers (532 nm and 632.8 nm) are shown 
in Figure 3.7. Both the WZ and ZB spectra have a major peak at ~260 cm-1 and one less 
intense peak at ~193 cm-1. In previous research, for Cu3Se2 and Cu2Se reference spectra
55, 
56, the major peak occurs at ~260 cm-1, with a less intense peak at ~190 cm
-1. ZnSe reference 
spectra57-59have been reported with two major peaks at ~200 cm-1 (the less intense 
longitudinal optical phonon mode, LO -1 ) and ~260 cm-1 (the transverse optical phonon 
mode (TO). Therefore, the most intense peak at 260 cm-1 observed in our CZSe spectra can 
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be attributed to the overlapping of Cu3Se2/Cu2Se and ZnSe peaks with the less intense peak 
at ~193 cm-1arising from the LO modes of Cu3Se2/Cu2Se and ZnSe.  
 
Figure 3.8 Temperature-dependence photoluminescence spectra of (a) WZ NC 
sample and (b) ZB NC sample; Low-temperature photoluminescence spectra (30 K) 
Gaussian fitting of (c) WZ NC sample and (d) ZB NC sample. 
 
To further investigate the optical properties of the CZSe NCs, temperature-dependent 
photoluminescence (PL) tests were carried out at an excitation wavelength of 325 nm and 
laser power of ~5 mW (Figure 3.8). Both WZ and ZB CZSe NCs show low quantum 
efficiency at room temperature, suggesting that these CZSe NCs have indirect bandgap 
structures or crystal phase defects. No emission peaks were observed for the WZ CZSe 
NCs at 200 K, while for ZB CZSe NCs a weak signal peak was observed (Figure 3.8a-b). 
When the temperature was decreased to 70 K, the PL intensity of both materials was 
observed to increase significantly. At 30 K, the PL intensity increased a further threefold 
for both NCs. This broad peak was determined through Gaussian peak fitting (Figure 5c, 
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5d) to arise from separate peaks at ~1.39 eV, ~1.67 eV, and ~2.00 eV where their positions 
and relative intensities remained constant at varying temperature. These peaks are likely 
due to indirect band hybridization. When compared to relevant binary systems (CuSe at 
~2.2 eV60, 61 ; ZnSe at  ~2.3 eV and ~3.2 eV62-64), the incorporation of Cu in the ZnSe 
structure causes a downshift of emission energy. 
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Figure 3.9 (a) TEM image of a CZSe polytypic NC. (b) TEM image of a CZSe 
polytypic NC from ZB[011] direction showing the polytypic interphase between the 
ZB and WZ phases (bottom inset is corresponding structural model) (c) Scaled-up 
structural model of b to show atomic positions (d) Corresponding atomic structural 
modelling of a. (e) Cut away atomic structural modelling of a CZSe polytypic NC. (f) 
TEM image of three CZSe polytypic NCs. (g) Low magnification TEM of CZSe 
polytypic NCs. (h) STEM image of a polytypic CZSe NC with corresponding STEM-
EDS elemental maps related to Cu (red), Zn (yellow) and Se (cyan). (i) XRD pattern 
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of CZSe polytypic NCs with ZB and WZ phases XRD reference patterns, along with 
the Rietveld Refinement peak fitting reflecting the ZB and WZ phase ratio. (j) Raman 
spectrum of CZSe polytypic sample under 632.8 nm (red) and 532 nm (green) 
respectively. (k) Low-temperature photoluminescence spectrum of CZSe polytypic 
sample (30 K) with Gaussian fitting. 
 
A tetrahedral-shaped polytypic structure (~ 40 nm in diameter), with ZB core and four thin 
outer WZ triangular plates was formed in the absence of phosphorus-based ligands when 
the nucleation precursor was changed from Cu(acac)2 to Cu(I)Cl at a raised temperature of 
310 °C (Figure 3.9a). The contrast difference within the structure highlights the tetrahedral 
core, where clear polytypic interfaces are observed in conjunction with a flat outer crystal. 
The ZB core here is a perfect tetrahedron as opposed to a quasi-sphere ZB core previously 
reported for tetrapod NCs3, 65-67. A further difference here is the preference for the WZ to 
form into short ~ 5 nm triangular platelets rather than relatively high aspect ratio rod 
elongation. As shown in Figure 3.9b, when viewed from the ZB[011] direction (shown in 
bottom right inset), the polytypic interphase separating ZB(11̅1) and WZ(0002) facets can 
be clearly observed. The d-spacing of the WZ(0002) lattice, indexed from the ABABA 
arrangement along WZ c-axis，is ~0.36 nm whereas the d-spacing between the parallel 
ZB(11̅1) facets is ~0.36 nm. Figure 3.9c shows the corresponding atomic model of this 
polytypic structure with further interpretations outlined in Figure 3.9d and Figure 3.9e. The 
interphases of the polytypic structure were determined to be ZB(1 1̅1) and WZ(0002) 
arising from initial growth along the ZB[111] direction followed by growth in WZ[0002]. 
The TEM image in Figure 3.9f shows three polytypic NCs where the darker contrast 
reflects the cores. In Figure 3.9g, the low-magnification TEM image confirms the relatively 
narrow size distribution (Figure 3.10) of CZSe polytypic NCs with details on the centrifuge 
separation process described in supporting information. STEM-EDS mapping (Figure 3.9h) 
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confirms the presence of three elements within the nanostructure. The high distribution of 
Zn in the shell area and relatively low distribution in the core area suggests that the core is 
Zn-poor or potentially binary (Cu2Se) in composition. Energy dispersive X-ray 
spectroscopy of three randomly selected areas gave an average composition of Cu:Zn:Se = 
2.74:1.00:2.40 (Figure 3.2g-3.2i and Table 3.1) ), which is consistent with ICP results 
shown in Table 3.2. The crystallographic composition of the as-synthesized Polytypic 
structure NCs was confirmed by X-ray diffraction (XRD), as shown in Figure 3.9i and 
Table 3.5 with Rietveld refinement giving WZ and ZB phases at 20.6% and 79.4%, 
respectively. The Raman spectrum in Figure 3.9j shows that the polytypic sample has a 
main peak at (~258 cm-1) and one weak peak at (~192 cm-1), consistent with the single 
crystal samples. One new shoulder peak emerges at ~231 cm-1 that be assigned to the weak 
peak of CuSe68 at ~230 cm-1  in agreement with the binary core conclusion. In low-
temperature PL analysis (30 K), as shown in Figure 3.9k, the polytypic structure’s main 
emission peak shifts to a considerably higher energy at ~2.5 eV compared to its pure phase 
structure (~1.6 eV). The main emission peak is at similar position with the reference peak 
of CuxSe (~2.2 eV)
60, 61, further suggesting the presence of CuxSey binary phase.  
 
Figure 3.10 Low magnification TEM of CZSe polytypic NCs with corresponding size 
distribution histogram.  
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25.5820 3.48218 N/A 100 
27.0977 3.29075 111 002 
28.9516 3.08411 N/A 101 
45.0359 2.01303 220 110 
48.9436 1.85952 N/A 103 
53.2939 1.71753 311 112 
65.4398 1.42625 400 N/A 
 
 
Figure 3.11 (a) XPS survey of WZ NCs, (b) XPS survey of ZB NCs. (c) high-resolution 
XPS spectra of N1s in WZ and ZB NCs. (d) high-resolution XPS spectrum of P2p 
region of ZB NCs.  
X-ray photoelectron spectroscopy (XPS) was performed to investigate the surface 
chemistry of the CZSe NCs. The survey spectra of the as-synthesized NCs show the 
presence of Cu, Zn, Se, N, O, C (shown in Figure 3.11a, 3.11b). The phosphorous region 
overlaps with the Se LMM Auger peaks. However, the high-resolution spectrum of the P 
2p region allows resolution of the peaks and elemental composition in Table 3.6. For WZ 
NCs, the XPS quantification shows a Cu/Zn ratio of 0.9, which is consistent with the 
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chemical composition analysis with STEM-EDX and ICP. However, the XPS 
quantification of ZB NCs (Cu/Zn=0.2) suggests that ZB NCs have a significantly Zn rich 
and Cu poor surface. High resolution spectra of N 1s (Figure 3.11c) shows a peak at a 
binding energy ~400 eV in both WZ and ZB NCs, which corresponds to the N-C bonding 
of the amine ligands.69 However, a significant difference is observed in the nitrogen 
content, with WZ NCs giving a (Zn+Cu)/N ratio of 5.2 and ZB NCs having a ratio of 10.4. 
This indicates a substantial reduction in the nitrogen-containing OLAM ligands on the ZB 
NCs surface. High resolution spectra in the P 2p region of the ZB NCs (Figure 3.11d) 
shows a phosphate peak at binding energy ~133 eV which can be attributed to the 
attachment of the HPA/TOPO ligands.  It is likely on the ZB NCs surface that the nitrogen-
containing OLAM ligand shortage is compensated by the attachment of the phosphorous-
containing HPA+TOPO used in the synthesis. The relative concentrations of P and N are 
4.6% (atomic) and 1.7% (atomic) respectively, suggesting more phosphorous-based 
ligands are attached to the surface of ZB NCs than OLAM.  
Table 3.6 XPS quantification results of WZ and ZB NCs 
Sample Atomic % 
  Cu  Zn  Se  O C  N  P  
WZ 10.6 11.6 13.0 12.8 47.7 4.3 - 
ZB 2.9 14.8 7.6 33.7 34.7 1.7 4.6 
 
Our previous research has shown that precursor choice based on their decomposition 
kinetics at selective temperatures is crucial to control of crystal phase formation in the 
multicomponent copper chalcogenide system23,24. Here, in the formation of CZSe, the 
occurrence of either crystal phase is controlled solely by the addition of phosphorus-based 
ligands. There is typically a very small energy difference between the growth in WZ and 
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ZB phases (≤20 meV/atom) and a small perturbation can induce a nucleation preference 
for one or the other69, 70.  While this perturbation is most often observed as a 
thermodynamic effect,2, 4 other factors such as precursor selection71 and their influence on 
monomer concentration (supersaturation)72 are relevant. To explain the effect on the 
presence and absence of the phosphonic acids on the crystal phase control in this study, it 
is worth considering how they influence both nucleation and growth. A number of studies 
have shown that the selective adhesion between phosphorous-based surfactants and facets 
is critical in forming the nucleation clusters that direct the intrinsic ZB phase growth.73-75 
Furthermore, the combination of phosphorous-based surfactants and low reaction 
temperature produces monomers gradually by slow thermal decomposition of 
organometallic precursors. This low monomer concentration favours the isotropic growth 
of ZB phase.76-79 In this research, the crystal phase preference is mainly affected by the 
different bonding types between ligands and NC facets. HPA and TOPO are X-type 
bonding ligand and L-type bonding ligands respectively.80-82 TOPO and HPA are often 
used in combination, where TOPO acts as a stabilizer by bonding to the extra-cations on 
the NCs as a Lewis base,77 whereas HPA exhibiting higher coordinating affinity, is used to 
attach to selective facets to control the growth rate.81  Compared to the WZ phase, the ZB 
phase has more charged facets with high-energy low-index and close atomic packing, such 
as (100) and (111)69, which are favored by strongly-bonded phosphorous-based ligands. 
This is consistent with our observation in XPS where the surface of the ZB NCs is 
predominately bonded to HPA and TOPO ligands. Furthermore, these facets are 
energetically homogenized with surfactants to minimize the systematic surface energy, 
which results in the formation of symmetric spheres33, 83 The 2D shape of the wurtzite 
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particles is likely a result of the selective crystal growth on the six more exposed peripheral 
neutral facets, (100) and (010), instead of elongating along the WZ c-axis as the charged 
±(0002) facets are covered with OLAM. Interestingly, different from the previous single 
crystal synthesis strategy, the occurrence of polytypism in CZSe is thermodynamically 
dominated by a high injection temperature (310 °C). In addition, the use of the coordinating 
surfactant (OLAM) and diphenyl diselenide (DPDSe) as Se precursor likely also 
contributes to the formation of polytypes. DPDSe has a known tendency to grow in ZB 
phase at high temperature in the presence of metal chlorides,2, 71 favoring the nucleation 
between Cu(I)Cl and DPDSe at high temperature before the injection. At lower temperature 
after the injection, DPDSe favours WZ growth regardless of the cation species.2, 31 
Conclusion 
In summary, we report the synthesis of CZSe NCs in WZ, ZB and polytypic ZB-WZ forms. 
XRD, Raman, TEM, EDX, ICP, XPS, atomic models and low-temperature 
photoluminescence were used to study their structural and optical properties. All three 
types of NCs have low PL quantum efficiency at room temperature with a significant 
increase in efficiency at lower temperatures. This to our knowledge is the first successful 
synthesis of CZSe NCs using a hot injection method where the simple control between the 
formation of WZ and ZB phases is dictated by the presence or absence of phosphorus-
based ligands. The introduction of this direct formation method for CZSe NCs with crystal 
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Chapter 4.  
Precursor-Mediated Linear- and Branched- Polytypism Control in 




A range of different control parameters can influence colloidal nanocrystal 
synthesis including reaction temperature, ligands and precursors. Typically, there 
is a complex interrelation between these factors that must be considered in the 
formation of multi-elemental polytypic nanocrystals. Homogeneous nucleation, 
crystal growth, sequential incorporation of metallic precursors, as well as controlled 
occurrence of polytypism are all required in an intricate interplaying balance. Here, 
a simple synthesis method is developed to initiate two- and three-dimensional 
polytypism in the non-stoichiometric Cu2ZnxSnySe4 system by just controlling the 
selection of chemical precursors. To improve from previous research, all CZTSe 
nanoparticles were synthesized with commercially available chemicals. The energy 
band gap measurement was carried out by low-temperature photoluminescence 
with emission peaks ranging from ~1.93 eV to ~2.32 eV.   
Introduction 
Colloidal semiconductor nanocrystals (NCs) have attracted major attention for their 
unique properties that can be synthetically engineered by size, morphology, 
composition and surface energy state tuning.1-4 These size-dependent electronic and 
optical properties grant these “artificial atoms” vast potential in photovoltaic, 
catalysis, lighting/displays, energy storage, thermoelectric, sensors and bioimaging 
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applications.5, 6 Especially, earth-abundant and non-toxic colloidal semiconductor 
NCs have been developed as more sustainable, greener and low-cost substitutes for 
cadmium-and indium containing materials, such as copper indium sulfide (CIS), 
copper indium gallium sulfide, (CIGS) and their analogues.7-9 The successful 
colloidal syntheses of Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), 
Cu2ZnSn(S1_xSex)4 (CZTSSe) nanocrystals have demonstrated the versatility in 
controlling the crystal phase, composition and morphology of these multi-
component nanomaterials. Furthermore, the relatively low energy required for 
defects and abundant stoichiometric/non-stoichiometric crystal phases combined 
with possibilities for zero-, one-, two-and three-dimensional nanostructures allow 
for generation of sophisticated structures.3, 10-14 CZTSSe NCs synthesized using a 
solution-based method, has already demonstrated promising potential for 
photovoltaics with conversion efficiencies of 12.6%.15-17 The CZTSe NCs are an 
ideal PV material with a  suitable and direct bandgap of (1.0−1.5 eV)18-20 , intrinsic 
p-type conductivity with a high absorption coefficient of 105 cm-1.21, 22 Other related 
studies have also reported its strong thermoelectric properties.23, 24 
The hot injection colloidal approach have persisted in the past decade as the most 
common approach for CZTSe NCs synthesis due to their versatility and fine control 
over nanoparticle uniformity.1, 25, 26 The separation of ionic and cationic precursors 
by injection provides a high level of  control in nucleation and growth for 
complicated synthesis systems involving multiple cationic precursors.27-32 
Typically, hexagonal wurtzite (WZ) phase CZTSe NCs have been formed using 
metal-oleate and diphenyl diselenide as precursors with a moderate temperature of 
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around 250oC and are also generally non-stoichiometric.13, 33, 34 On the other hand, 
the incorporation of olaylamine (OLAM) and trioctylphosphine oxide (TOPO) 
ligands led to the formation of Kesterite CZTSe NCs.35 Composition variation in 
CZTSe NCs was further tuned by using various phosphonic acids to adjust the 
reactivity of Zn monomers.36 Other researches focused on the synthesis of stannite 
or kesterite CZTSe NCs mainly employing Se powder as the anionic precursor 
source at a relatively high temperature (280-300oC).24, 37-39 
Polytypism can be defined as the occurrence of two different crystal phases in the 
same crystalline entity.40 In I-IV-VI and I-II-IV-VI systems, hexagonal wurtzite 
(WZ) and cubic zincblende (ZB) are the most common polymorphs, where either 
linear or branched polytypism can occur on (0002)WZ and {111}ZB facets due to 
their similar atomic arrangement and small energy difference.41, 42 As the most 
representative structure in branched polytypism, tetrapod nanocrystals nucleate 
with a ZB core with 4 equivalent {111}ZB facets  on which the  (0002) facets of 
four WZ arms are tetrahedrally attached.43 This tetrapod structure was previously 
observed in binary systems such as, CdSe,44-46 CdTe,43, 45, 46 CdS,47-50 ZnSe51 and  
ZnTe52 NCs. More recently, some developments have been made in branched 
polytypism in multi-elemental systems. In a study on Cu2CdxSnSey (CCTSe) 
tetrapod NCs53 for example,  the initial ZB core undergoes twining to form a 
pentatetrahedral ZB core with the four WZ arms finally growing from the 
secondary ZB core to form tetrapods. In the ternary tetrapod NC system 
(Cu2SnSe3 ,CTSe),  diphenyl diselenide (DPDSe) was used as the Se source 
allowing the crystal growth to switch from ZB to WZ phase providing that a 
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suitable temperature drop exists before and after the hot injection.54 The branched 
structure also allows for the assembly of the superstructures which can provide 
ordered 3D network structures suitable for device fabrication.55-57 It was also 
observed in hybrid NC polymer photovoltaic devices that the high-electron affinity 
of the heterostructure provides a better electron percolation pathway for better 
device performance.58-60 Some studies also demonstrated that these polytypic 
interfaces can improve the thermoelectric performance significantly.61-63 
Another type common type of polytypic structure is known as the linear polytype 
and this instead nucleates in WZ phase with a subsequent switch to ZB phase 
growth on either the more reactive -(0002)WZ facet resulting in the arrow-shaped 
NCs, or both ±(0002)WZ facets to form ellipsoidal NCs. A series of Cu2CdSn(S1-
xSex)4 (CCTSSe) polytypic nanocrystals were reported where increasing the Cd 
content allowed control of polytypism either to  form one or two cubic 
terminations.64 When it comes to polytypism in the Cu2ZnSnS4 (CZTS) system, the 
formation of acorn-shaped NCs from single-sided polytypic growth on single-
phased ellipsoidal NCs was also reported. Moreover, when the reactivity of the Zn 
precursor was reduced, pencil-shaped NCs grew due to single-sided polytypic 
growth.65 In another shape control study on Cu2ZnSn(SSe)4 (CZTSSe), it was 
suggested that when the reactivity of the Cu precursor was increased, double-side 
polytypism was less favoured compared to single-side.14 
Interestingly, although considerable progress has been made in CZTSe NCs 
synthesis there are no reports of polytypism in this composition. Furthermore, most 
reported CZTSe NCs have a low Zn content. In addition, all reported wurtzite 
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CZTSe NCs require metal oleate as precursors, which are not commercially 
available and require further processing from sodium oleate. Herein, we report our 
studies on precursor-mediated linear-and branched polytypism in the CZTSe 
system using only commercially available chemicals.  
Experimental procedures 
Materials. copper(II) acetylacetonate (Cu(II)(acac)2; >99.99%), copper(I)chloride 
(Cu(I) Cl >97%), tin(IV) acetate (Sn(Ac)4, >99.99%), tin(II)chloride (SnCl2 >97%), 
zinc acetate (Zn(Ac)2, >99.99%), zinc chloride (ZnCl2 > 99.99%), 1-dodecanethiol 
(1- DDT, 98%), diphenyl diselenide (DPDSe 98%), oleylamine (OLA, technical 
grade, 70%) were purchased from Sigma Aldrich. All chemicals were used as 
purchased without further processing.  
Synthesis of WZ CZTSe NCs (Hexagonal Plates). In a typical synthesis, 
Cu(II)(acac)2 (0.5 mmol), and OLAM (10 ml) were added in a three-neck flask and 
evacuated at 60oC for 20 min. The solution was then heated to 250 oC in 15 min 
under the protection of argon. Injection solution 1 consists of DPDSe (0.625 mmol), 
Sn(II)(Ac)2 (0.25 mmol) and OLAM (2.5 ml). Injection solution 2 consists of 
Zn(Ac)2 (0.25 mmol) and OLAM (1.5 ml). Injection solution 1 was injected to 
mother solution in three-neck flask at 155 oC via a syringe. Injection solution 2 was 
injected 40 seconds after the first injection. After the mother solution temperature 
reached 250 oC, the reaction was allowed to proceed at this temperature for another 
15 minutes with continuous stirring with a magnetic stirrer. The reaction was 
terminated by removing the heating mantle and quenched with 30 ml of toluene 
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when the temperature was cooled to 90 oC naturally. The product was washed with 
toluene/isopropanol (3:1) 2 times at 4000 rpm for 2 minutes.  
Synthesis of Linear-Polytypic CZTSe NCs (Ellipsoids). Cu(II)(acac)2 (1 mmol) 
and OLAM (10 ml) were added to a three-neck flask. Injection solution 1 contains 
DPDSe (1.25 mmol), Sn(II)Cl2 (0.5 mmol) and OLAM (2.5 ml), injection solution 
2 contains Zn(Ac)2 (0.5 mmol) and OLAM (1.5 ml). Injection solution 1 was 
injected into the mother solution in three-neck flask at 155 oC via a syringe followed 
by Injection solution 2 ,40 seconds after the first injection. After the mother solution 
temperature reached 250 oC, the reaction was allowed to proceed at this temperature 
for another 15 minutes with continuous stirring with a magnetic stirrer. The reaction 
was terminated by removing the heating mantle and quenched with 30 ml of toluene 
when the temperature was cooled to 90 oC naturally. The product was washed with 
toluene/isopropanol (3:1) 2 times at 4000 rpm for 2 minutes.  
Synthesis of ZB CZTSe NCs (Pyramidal Tetrahedrons). In a typical synthesis, 
Cu(I)Cl (0.25 mmol), Zn(Ac)2 (0.125 mmol), Sn(II)Cl2 (0.125 mmol) and OLAM 
(10 ml) were added in a three-neck flask and evacuated at 60 oC for 20 minutes. 
The solution was then heated to 310 oC in 20 min under the protection of argon. 
The injection solution contains Se powder (0.5 mmol), 120 µl 1-DDT and OLAM 
(1 ml). (Se:1-DDT=1:1, molecular ratio) The injection solution was then injected 
into the flask at 310 oC after which the reaction proceeded for another 20 minutes 
at this temperature after the injection. The reaction was stopped by removing the 
heating mantle and cooled naturally to 90 oC, then quenched with 30 ml toluene. 
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The product was washed with toluene/isopropanol (3:1) 2 times at 4000 rpm for 2 
minutes.  
Synthesis of Branched-Polytypic CZTSe NCs (Tetrapods). Cu(I)Cl (0.25 mmol) 
and OLAM (10 ml) were added in a three-neck flask and evacuated at 60 oC for 20 
minutes. The mother solution was heated to 310 oC in 20 minutes under argon 
protection. Injection solution 1 contains DPDSe (0.3 mmol), Sn(IV)Ac4 (0.125 
mmol) and OLAM (2.5 ml). Injection solution 2 contains Zn(Ac)2 (0.125 mmol) 
and OLAM (1.5 ml). Injection solution 1 was injected into the flask at 310 oC and 
injection solution 2 was injected 7 seconds after injection 1. The solution was 
allowed to proceed at the same temperature for 15 minutes after the two injections. 
The reaction was stopped by removing the heating mantle and cooled naturally to 
90 oC, then quenched with 30 ml toluene. The product was washed with 
toluene/isopropanol (3:1) 2 times at 4000 rpm for 2 minutes.  
Table 4.1 Metal precursor and temperature control for all four NCs 
 
Characterization Methods. The morphology of CZTSe nanocrystals was 
characterized by transmission electron microscopy (TEM) and angular dark-field 
scanning transmission electron microscopy (DF-STEM) using a JEOL JEM-2011F, 
operating at an accelerating voltage of 200 kV. X-ray diffraction (XRD) of powder 













WZ Cu(II)(acac)2 Sn(II)(Ac)2 Zn(Ac)2 DphDSe 155 oC 250 oC 
Ellipsoidal Cu(II)(acac)2 Sn(II)Cl2 Zn(Ac)2 DphDSe 155 oC 250 oC 
ZB Cu(I)Cl Sn(II)Cl2 Zn(Ac)2 Se 
powder 
310 oC 300 oC 
Tetrapod Cu(I)Cl Sn(IV)Ac4 Zn(Ac)2 DphDSe 310 oC 300 oC 
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diffractometer system using a Cu Kα1 radiation and a PIXcel-1D detector. Raman 
spectroscopy measurements were performed on a Renishaw 1000 Raman 
spectrometer equipped with a charge-coupled device (CCD) detector and a HeNe 
633 nm laser at room temperature. An objective lens (×50) was used to focus the 
lasers on the samples with 100% laser output power. The laser polarization angle 
was set at 0°. The spectra were collected in the range from 100 to 1500 cm−1. Low 
temperature photoluminescence (PL) was carried out by a nitrogen-cooled cryostat 
system (MicrostatN, Oxford Instruments) at 77K. A 405 nm laser diode (Thorlabs 
CPS405) was used to excite the sample through a 50 X objective (Olympus ULWD 
MIRPlan NA=0.55). The PL signals were collected by the same objective and 
analysed by a spectrograph (ANDOR SR-193i-B1) with an 800 groves/mm grating 
and CCD camera.  
Results and Discussion 
Successful colloidal NC synthesis protocols utilize the careful balance and intricate 
interplays of various control factors, such as temperature, solvents, surfactants and 
precursors. This chapter studies the dominating effects of precursors as the sole 
control factor in the synthesis of Cu2ZnxSnySe4 (CZTSe) colloidal NCs. The as-
synthesized wurtzite CZTSe NCs have a quasi-hexagonal plate shape with an 
average diameter of 17.35 nm (Figure 4.1a). In Figure 4.1b, the fast Fourier 
transform (FFT) from the WZ [0002] direction is used to confirm the crystallinity 
of the structure and calculate the d-spacings. The three equivalent (1100) facets 
have a d-spacing of ~0.21 nm and form ~60-degree angles with one another (Figure 
4.1c), which is in good agreement with the atomic modelling in Figure 4.1d. 
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HRTEM in Figure 4.1e allows further analysis of the CZTSe WZ crystal structure 
in a nanoplate on its edge (thickness of ~9.5 nm). The characteristic 
ABABA…packing along the c-axis (WZ(0002))  allows the direct measurement of 
the d-spacing  ~0.39 nm, in good agreement with the atomic modelling in Figure 
4.1f. The FFT in Figure 4.1g confirms the crystalline structure in the sample and 
highlights the layered atomic structure with the diffraction dots. The d-spacings of 
planes (100), (101), (002) are indexed in the FFT (~0.32 nm, ~0.29 nm, ~0.33 nm). 
The elemental maps from the energy-dispersive X-ray spectroscopy in scanning 
transmission electron microscope (EDS-STEM) confirm the presence of four 





Figure 4.1. (a) HRTEM image of a WZ hexagonal Cu2ZnxSnySe4 (CZTSe) 
nanoplate from zone axis WZ[0002]. (b) Corresponding FFT of a. (c) 
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Magnified HRTEM of a with the atomic arrangement on WZ[0002] facet 
exposed. (d) Corresponding atomic arrangement model with cations in white 
and Se in purple. (e) HRTEM image of a WZ hexagonal CZTSe nanoplate 
viewed from the side. (f) Corresponding atomic arrangement model with 
cations in white and Se in purple. (g) FFT from the lateral facet of aWZ 
hexagonal CZTSe nanoplate. (h) STEM image of a WZ CZTSe plate NC with 
corresponding STEM-EDS elemental maps related to Cu (red), Zn (yellow), 
Sn (green) and Se (cyan).    
Our observations show that the CZTSe NC growth starts from the nucleation 
between Cu and Se precursors. The Diphenyl diselenide and Sn(II)(Ac)2 precursors 
were introduced into the reaction by a syringe when the Cu precursor was heated 
up and ready for reaction at a relatively low temperature of 155oC. This temperature 
is within the WZ growth window (below 240oC) as discussed in a previous report 
describing the formation of Cu2SnSe3.
13 Other studies on diorganyl dichalcognides 
have also demonstrated their suitability for dynamically favoured wurtzite phase 
synthesis at lower temperatures.66  
 
Figure 4.2. Scanning electron microscope energy dispersive X-ray (STEM-
EDS) spectra with chemical composition table insets of hexagonal WZ CZTSe 
NCs (a) Cu:Zn:Sn=2.22:1:1.79 (Zn/Sn=1/1, nominal ratio) (b) 
Cu:Zn:Sn=1.97:1:1.34 (Zn/Sn=2/1, nominal ratio) (c) Cu:Zn:Sn=1.47:1:0.56 
(Zn/Sn=4/1, nominal ratio). 
In Figure 4.2a-4.2c, a scanning electron microscope energy dispersive X-ray (SEM-
EDS) is employed to analyze the chemical composition of three hexagonal CZTSe 
NCs with varied Zn to Sn addition ratios while the total molecular amount of Zn 
and Sn remain unchanged. With the increasing addition of Zn precursor and 
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decreasing of Sn precursor, the Cu, Zn compositions in as-synthesized NCs increase, 





Figure 4.3. (a) HRTEM image of a single WZ hexagonal CZTSe NC with 
composition ratio, Cu:Zn:Sn=2.22:1:1.79 (Zn/Sn=1/1, nominal ratio) from 
zone axis WZ[0002]. (b) HRTEM image of a single WZ hexagonal CZTSe NC 
with composition ratio, Cu:Zn:Sn=1.97:1:1.34 (Zn/Sn=2/1, nominal ratio) 
from zone axis WZ[0002]. (c) HRTEM image of a single WZ hexagonal CZTSe 
NC with composition ratio, Cu:Zn:Sn=1.47:1:0.56 (Zn/Sn=4/1, nominal ratio) 
from zone axis WZ[0002]. (d) HRTEM image of a single WZ hexagonal CZTSe 
NC with composition ratio, Cu:Zn:Sn=2.22:1:1.79 (Zn/Sn=1/1, nominal ratio) 
from the edge. (e) HRTEM image of a single WZ hexagonal CZTSe NC with 
composition ratio, Cu:Zn:Sn=1.97:1:1.34 (Zn/Sn=2/1, nominal ratio) from the 
edge. (f) HRTEM image of a single WZ hexagonal CZTSe NC with 
composition ratio, Cu:Zn:Sn=1.47:1:0.56 (Zn/Sn=4/1, nominal ratio) from the 
edge. (g) TEM image of WZ hexagonal CZTSe NCs with composition ratio, 
Cu:Zn:Sn=2.22:1:1.79 (Zn/Sn=1/1, nominal ratio). (h) TEM image of WZ 
hexagonal CZTSe NCs with composition ratio, Cu:Zn:Sn=1.97:1:1.34 
(Zn/Sn=2/1, nominal ratio). (i) TEM image of WZ hexagonal CZTSe NCs with 
composition ratio, Cu:Zn:Sn=1.47:1:0.56 (Zn/Sn=4/1, nominal ratio). (j) Low-
magnification TEM image of WZ hexagonal CZTSe NCs with composition 
ratio, Cu:Zn:Sn=2.22:1:1.79 (Zn/Sn=1/1, nominal ratio). (k) Low-
magnification TEM image of WZ hexagonal CZTSe NCs with composition 
ratio, Cu:Zn:Sn=1.97:1:1.34 (Zn/Sn=2/1, nominal ratio). (l) Low-
magnification TEM image of WZ hexagonal CZTSe NCs with composition 
ratio, Cu:Zn:Sn=1.47:1:0.56 (Zn/Sn=4/1, nominal ratio). 
Figure 4.3 displays the morphological progression when cationic composition is 
varied. In Figure 4.3a to 4.3b, when the cationic composition changes from 
Cu:Zn:Sn=2.22:1:1.79 to Cu:Zn:Sn=1.97:1:1.34 (Cu and Sn compositions decrease 
and the Zn composition increases), the hexagonal plate diameter remains unvaried 
(~20 nm), while the thickness of hexagonal NCs increases by ~60% (from ~9.9 nm 
to ~16.1 nm) as observed in Figure 4.3d and 4.3e. As the cationic composition 
changes from Cu:Zn:Sn=1.97:1:1.34 to Cu:Zn:Sn=1.47:1:0.56 (where Cu and Sn 
decrease and Zn increases), in Figure 4.3b and 4.3c, the hexagonal plate NC 
diameter reduces by ~25% (from ~20 nm to ~14.5 nm) while the hexagonal plate 
NC thickness remains unvaried as in Figure 4.3e and 4.3f. This morphology 
progression suggests that the increase of Zn composition and the decrease of Cu 
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and Sn composition result in the thickness increase of the hexagonal WZ NCs along 
the c-axis. However, this correlation stops at a certain limit, where the further 
increase in the Zn composition and the decrease in Cu and Sn stops to promote the 
growth in the c-axis and in turn the reduction in the diameter of nanoplates occurs.   
A typical synthesis for the linear polytypic structure is carried out at the same 
temperature and solvent as hexagonal WZ nanoplate synthesis with the only change 




Figure 4.4 (a) HRTEM image of an ellipsoidal CZTSe NC with d-spacings 
indexed in three polytypic areas I, II, III, with the corresponding atomic 
arrangement models in b and FFT in c. (d) STEM image of a single ellipsoidal 
CZTSe NC with corresponding STEM-EDS elemental maps related to Cu 
(red), Zn (yellow) Sn (green) and Se (cyan).  
Figure 4.4a shows a typical linear polytypic CZTSe NC (~41 nm in length and ~27 
nm in diameter) that has a ZB-WZ-ZB arrangement. This structure started its 
growth from the WZ phase along its c-axis and subsequently switched its growth 
in ZB phase on both WZ ends. The ZB-WZ interphases, namely, the top polytypic 
interphase, WZ(0002̅) and ZB(1̅1̅1̅), the bottom polytypic interphase, WZ(0002) 
and ZB(11̅1) are presented and indexed in the HRTEM image. Based on the 
HRTEM in Figure 4.4a, and combined with the established theory that the inversive 
polarity is not energetically favourable,53, 67, 68 a corresponding atomic model of the 
linear polytype is built in Figure 4.4b. It is demonstrated that the top WZ phase 
facet, WZ(000 2̅), is negatively charged from the exposed Se anions with the 
attached ZB(1̅1̅1̅) being positively charged. On the contrary, the bottom WZ phase 
has a positively charged facet, WZ(0002) with unbounded cations, while the 
attached ZB phase facet, ZB(11̅1), is negatively charged.  FFT of three polytypic 
areas are used to analyze the crystal phase and calculate the d-spacings of respective 
sections. The d-spacings of planes (111), (311), (200) are indexed in the top ZB 
phase (~0.33 nm, ~0.17 nm, ~0.269 nm). The d-spacings of planes (102) and (100) 
are indexed in the middle WZ phase (~0.16 nm, ~0.23 nm). The d-spacings of 
planes (111), (311), (200) are indexed in the bottom ZB phase (~0.32 nm, ~0.16 
nm, ~0.269 nm). EDS maps in Figure 4.4d confirm the presence of all four elements.   
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When the reaction temperature is elevated from 250°C to 300°C, CZTSe single 
crystal ZB NCs are successfully synthesized with Se powder, Cu(I)Cl, Sn(II)Cl2 





Figure 4.5 (a) HAADF of a quasi-tetrahedron ZB CZTSe nanocrystal from 
zone axis ZB(011), with crystal twinning stacking faults marked out by red 
lines and crystal growth direction indicated by white arrows. (b) HAADF of a 
136 
 
quasi-tetrahedron ZB CZTSe NC from zone axis ZB(011), showing the twining 
stacking faults along the ZB[11 ?̅? ] direction. (c) HR-HAADF colored by 
different stacking layers along ZB[11?̅?] direction with twinning layers marked 
out by red squares. (d) STEM image of a quasi-tetrahedron ZB CZTSe NC 
with corresponding STEM-EDS elemental maps related to Cu (red), Zn 
(yellow) Sn (green) and Se (cyan). 
As shown in Figure 4.5a, CZTSe ZB NCs are ~13 nm in diameter and are quasi-
tetrahedron in shape. The atomic-resolution HAADF in Figure 4.5a shows that this 
structure accommodates a large amount of twinning along the crystal growth 
direction, ±ZB[111]. More interestingly, the ZB twining occurs in both [111̅] and 
[1̅1̅1̅] directions forming an intersecting angle of 70.5o. This observation further 
confirms the isotropic growth of the ZB phase from multiple intersecting directions 
in ±ZB[111] direction group. In Figure 4.5b, HAADF of a quasi-tetrahedron NC 
with only one twining direction, ZB[111̅], is used to further investigate the ZB 
phase twinning. In the highlighted magnified area of interest in Figure 4.5c, the ZB 
NC growth direction (marked out by white arrow) forms a ~70.5° angle with the 
twining interphase (marked out by red lines). When the twining structure is 
analyzed by layer in Figure 4.5d, with the stacking sequence of ZB (ABCABC…) 
taken into consideration, it is observed that the ZB twining initiates from a specific 
layer, A (marked in red boxes). This observation suggests that the twinning in this 
particular crystal structure has a particular preferable initiating layer rather than 
these stacking faults occurring from random layers. In Figure 4.5e, STEM-EDS 
maps confirm the presence of the Cu, Zn, Sn, Se elements.  
When compared to the quasi-tetrahedron ZB CZTSe NCs, CZTSe tetrapod NCs are 
synthesized using Sn(IV)(Ac)4 precursor and  diphenyl diselenide ( as opposed to 
Sn(II)Cl2 and Se powder in the previous synthesis protocol) with the reaction 
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temperature and solvents remaining unchanged. The structure of CZTSe tetrapod 
NCs will be discussed in detail in Chapter 5.  
 
Figure 4.6 (a) XRD spectra of as-synthesized CZTSe hexagonal WZ NCs 
(black), CZTSe ellipsoidal NCs (red), CZTSe quasi-tetrhedron ZB NCs (navy), 
CZTSe tetrapod NCs (olive). (b) Raman spectra of as-synthesized CZTSe 
hexagonal WZ NCs (black), CZTSe ellipsoidal NCs (red), CZTSe quasi-
tetrhedron ZB NCs (navy), CZTSe tetrapod NCs (olive). 
In Figure 4.6a, XRD results of each sample are consistent with HRTEM crystal 
phase observations. The lattice parameters were calculated from the experimental 
XRD pattern by fitting the main diffraction peaks corresponding to the cubic and 
wurtzite structures. The lattice parameters of WZ are a = b = 4.1 Å and c = 6.8 Å 
calculated from the fitting of (002) and (110) planes. The lattice parameter 
calculated for the cubic structure is a = b= c= 5.8 Å, calculated from the fitting of 
the (111) plane. The hexagonal WZ plate NCs have an XRD pattern that is 
consistent with a WZ reference pattern with major peaks listed in Table 4.2. 
Ellipsoidal NCs have a mixture of both WZ and ZB crystal phases with respective 
percentages of 77.3% and 22.7%, with major peaks and Rietveld refinement in 
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Table 4.3 and Figure 4.7. The Quasi-tetrahedron NCs’ pattern agrees with the ZB 
crystal reference, with major peaks listed in Table 4.4. Tetrapod NCs have a mixture 
of both WZ and ZB crystal phases with respective percentages of 45% and 55%. 
Major peaks and Rietveld refinement are included in Table 4.5 and Figure 4.8. 
Raman was used to eliminate the possibility of the presence of binary and ternary 
impurities presence which remain undetected in XRD. As shown in Figure 4.6b, a 
typical Raman spectra of CZTSe has three signature peaks, 178 cm-1, 189 cm-1, 223 
cm-1, All four signature peaks are in good agreement with previous research.69, 70 
There are no peaks indicating the presence of binary impurities such as CuxSey
71 
(260 cm-1), SnSe2 and SnSe
72, 73 (110 cm-1, 150 cm-1), ZnSe74 (250 cm-1).  The 







25.70 3.467 100 
27.10 3.291 002 
29.01 3.078 101 
37.58 2.394 102 
45.23 2.005 110 
48.94 1.861 103 
53.07 1.726 112 
60.21 1.537 202 
68.92 1.362 203 








 25.76 3.458 N/A 100 
27.25 3.273 111 002 
29.16 3.062 N/A 101 
 37.58 2.393 N/A 102 
45.28 2.003 220 110 
48.94 1.861 N/A 103 
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53.50 1.713 311 112 
60.28 1.535 N/A 202 
65.75 1.420 400 N/A 
68.86 1.363 N/A 203 
Table 4.3 Peak list of linear polytypic ellipsoidal NCs 
 
Figure 4.7 XRD pattern of CZTSe ellipsoidal NCs and corresponding 







27.16 3.283 111 
45.10 2.010 220 
53.42 1.715 311 
65.66 1.422 400 







25.70 3.467          N/A 100 
27.22      3.277          111 002 
29.09         3.070            N/A 101 
37.50          2.396            N/A 102 
45.16        2.008           220 110 
48.93          1.861            N/A 103 
53.44         1.715           311 112 
65.65          1.422            400 N/A 
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68.94          1.361            N/A 203 
Table 4.5 Peak list of branched polytypic tetrapod NCs 
 
Figure 4.8 XRD pattern of CZTSe tetrapod NCs and corresponding Rietveld 





Figure 4.9 Low-temperature photoluminescence (70K) band gap energy 
spectra of CZTSe hexagonal WZ NCs, CZTSe ellipsoidal NCs, CZTSe 
pyramidal ZB NCs, CZTSe tetrapod NCs. 
To understand the optical emission behavior of CZTSe NCs’ temperature-
dependent photoluminescence (PL) studies were carried out with an excitation 
wavelength of 325 nm and laser power of ~5 mW, with the results presented in 
Figure 4.9. All samples have low quantum efficiencies at room temperature, 
suggesting that these CZTSe NCs have indirect bandgap structures or crystal phase 
defects. At 70K, all samples have multiple emission peaks, suggesting a 
complicated band gap structure. The strongest WZ NCs emission peak is observed 
at ~1.95 eV, while the strongest emission peak of ZB NCs has a higher frequency 
at ~2.34 eV. The peak shape and position of two polytypic NCs match the 
combination of both WZ and ZB phases, where linear polytypic NCs exhibit more 
ZB emission behavior and 3D branched polytypic NCs have more pronounced WZ 
emission behavior.  
 
Figure 4.10 (a) Zn acetate in 10 ml oleylamine injected with diphenyl diselenide 
at 310°C. (b) As-synthesized NCs from single injection including Sn, Zn 
precursors. (c) Schematic of Zn precursor hindrance in early nucleation stage.  
 
The CZTSe tetrapod NCs synthesis is especially challenging and delicate due to the 
inherent complex reaction mechanisms that involve balancing the reactivity of 4 
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precursors, separation of nucleation and growth stages and initiation of polytypism. 
Different from most colloidal synthesis protocols reported previously, all our 
synthesis methods here (except for single crystal ZB) employ a second injection to 
introduce Zn precursor.  
In our hypothesis, upon the injection at 155oC, the Cu precursor nucleates with 
DPDSe instantly, with the Sn precursor undergoing a process where the precursor 
and OLA solution interact to form highly active intermediates. This brief transition 
period of Sn precursor likely gives the Cu precursor an advantage to act as the sole 
nuclei source during a homogenous nucleation, with the subsequent incorporation 
of the Sn precursor avoiding the competitive nucleation between Cu-Se and Sn-Se. 
Therefore a more homogenous early growth condition is established for 
monodispersed final products.  
In my observations, the Zn precursors need to be introduced separately for 
successful synthesis as most Zn precursors either do not react with DphDSe or react 
at an extreme slow rate. As observed in separate nucleation studies, nucleation 
between Zn(Ac)2 and DphDSe doesn’t occur in the temperature range of 100°C to 
330°C (Figure 4.10a). Therefore, Zn has to incorporate into the quaternary system 
during crystal growth. Furthermore, early Zn incorporation produces large NCs 
from unwanted secondary nucleation. As shown in Figure 4.10b, NCs of poor 
monodispersity were formed from cationic combined synthesis. During this process, 
the three cationic precursors were added into the flask, while Se precursor was 
injected in separately.   The schematic in Figure 4.10c demonstrates the proposed 
theory where the burst homogeneous nucleation between Cu and Se is interrupted 
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by Zn precursor’s presence as a dead nucleation site that reduces effective 
nucleation and prolongs the nucleation process. After introduction of Sn precursor 
the uninterrupted Cu-Se nucleation is further complicated by Sn-Se competitive 
nucleation. As a result, the introduction of Zn precursor during the latter stages of 
the NC growth process is necessary.  
  
 
Figure 4.11 Dual hot-injection colloidal synthesis and cationic segregation 
schematic 
Our hypothesis for the mechanisms behind the three cationic precursor sequential 
incorporation and the occurrence of polytypism in our CZTSe tetrapod NCs is 
shown in the schematic in Figure 4.11. To start with, as the Cu precursor is heated 
up to 310oC, the nucleation starts instantaneously between Cu-Se upon the first 
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injection that contains cold DphDSe and Sn precursor, leading to an undisturbed 
nucleation window. As Cu and Sn precursors both nucleate with DphDSe, it is 
important that the Sn precursor is separated from the Cu precursor and introduced 
into the system via the first injection, where the cold Sn precursor requires a short 
yet crucial time period to heat up to decomposition temperature to form monomers. 
Therefore, Cu-Se has an uninterrupted nucleation window followed by Sn 
incorporation during early stage NC growth. Secondly, Zn is introduced into the 
system by a late second injection to ensure the cationic segregation that grants 
undisturbed Cu-Se nucleation and uninterrupted Sn and Zn incorporation windows 
respectively. Finally, the crystal growth transits from thermodynamically stabled 
ZB growth at high temperatures to dynamically stabled WZ growth at moderate 
temperatures by the temperature drop before and after dual injections.  
 
Conclusion 
In summary, the choice of cationic precursor is the dominating factor to initiate 
polytypism in colloidal CZTSe NC synthesis using only commercially available 
chemicals. We further studied the incorporation mechanisms of the Zn precursor in 
the quaternary system and have developed a dual-injection colloidal synthesis route 
to ensure the sequential incorporation of Cu, Zn, Sn and successful control over 
polytypism. The synthesis mechanism study is insightful to other synthesis research 
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Insight into Multi-elemental Colloidal Nanocrystals: Cationic Ordering 




Multielemental copper chalcogenide-based colloidal nanocrystals (NCs) with earth 
abundant and low-toxic compositions, namely CuαZnβSnγSeδ (CZTSe), 
CuαZnβSnγSδ (CZTS), CuαZnβSnγ(SxSe1-x)δ (CZTSSe), CuαZnβGeγSeδ (CZGSe) and 
their analogues, which are synthesized through colloidal hot injection, have found 
major application in photovoltaic, thermoelectrics, and bioimaging. Significant 
progress has been made in the past few decades on synthetic control of composition, 
morphology and crystal phase to influence their optical and electrical properties. 
Despite this, the exact cation incorporation mechanism during growth and 
ultimately whether  the  final structure is cationic ordered or disordered is not 
understood. Herein, we employ intensity profile analysis on HAADF images from 
specific visualization zone axises to fully decipher the cationic arrangement in non-
stoichiometric CZTSe tetrapod NCs. This in-depth study brings our understanding 
of the inhomogeneity in colloidal NCs beyond crystallographic polytypism and 
stacking faults, to an atomic-level analysis, with important new findings: a) The 
multielement NC structure is a highly ordered Bravais lattice structure with specific 
cation orderings contrary to the generally accepted  random cationic substitution 
mechanism.  b) Non-stoichiometry is caused by various cationic orderings and their 
corresponding volumetric ratios rather than random cationic substitution. c) The 
apparent drastic transitions between different crystal phase groups (e.g. zinc blende 
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to tetragonal) as the crystal composition develops from binary to multielemental 
NCs is actually due to conceptual and crystallographic nomenclature changes 
arising from the change of periodicity upon ordered incoorporation of multiple 
cations and therefore is not a change of actual crystal structure. d) Cationic 
exchange between crystal-bound and solution ions is a continuous and dominant 
process during growth occuring throughout the whole NC structure rather than just 
on exposed facets allowing for a slow growth rate due to the gradual release of 
additional monomer. This process accounts for the anisotropic growth in 




Colloidal nanocrystals (NCs) are an important category of inorganic materials that 
have physical properties dependent on size giving a pathway to new advances 
across a multitude of technologies including photovoltaics, catalysis, biomedical 
imaging and thermoelectrics.1-3 The colloidal hot-injection enables the separation 
between cationic and ionic precursors before the nucleation (injection), and 
maintains the system at a relatively high temperature with capacity to modulate for 
the more thermodynamically or kinetically stable crystal phases where multiple 
crystal phases exist.4-7 The flexibility of this approach has allowed an evolution in 
complexity both in composition and structure from binary to multinary crystals and 
in shape from dots to rods and tetrapods.8, 9 The principal studies of binary metal 
chalcogenides has laid the ground work for inclusion of multiple transition metal 
and main group metal cations into a singe particle with understandings on precrusor 
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decomposition, metal complexation and ligand interactions enabling protocols for 
near monodisperse particle formation. 
The established understanding of multi-elemental colloidal NCs is that they result 
from random cation substitution of their binary adamantines. For example CuInS2 
is considered a result of In randomly replacing Cu in the Cu2S binary system. 
However, many questions still remain unanswered under the random substitution 
hypothesis; such as the mechanisms of phonon transition limitation due to defects 
and recombination due to deep-state defects, etc. Generally, reciprocal-space X-ray 
crystallography is mainly used for crystallographic analysis. However, due to the 
systematic limitations of X-ray techniques, only major crystal phase differences can 
be directly detected. Cationic substitutions in multi-elemental crystals are only 
observable as weak and broad minor peaks, while stacking faults (including 
twining), rotated crystalline mismatches, interlaced different cationic orders remain 
indiscernible. Moreover, X-ray techniques only provide average information based 
on the whole sample with the sequence and position of crystalline defects averaged 
into the overall results. When it comes to atomic-level crystallographic analysis, 
the most commonly used atomic-level chemical sensitive analysis is atomic-
resolution X-ray dispersive spectroscopy. Despite its successful implementation in  
many crystalline samples10-12, it is extremely challenging to carry out atomic-
resolution elemental mapping in colloidal NC samples due to the rapid carbonation 
on the surface organic ligands. Moveover, although atomic-level electron 
tomography has demonstrated its unparralled ability to convert two dimensional 
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projection into a three dimensional structure, its success is only limited only to 
structures of a single element composition.13, 14  
Herein, we present our work on thouroughly deciphering a highly complex 
colloidal NC structure at the atomic-level using intensity analysis from high-angle 
annular dark-field aberration-corrected scanning TEM (HAADF-STEM), as well 
as the corresponding real-space atomic modelling. First, as it is well-established, 
the intensity in HAADF-STEM increases monotonically with the square of atomic 
number (Z) of the elements and with the thickness of the sample.15-20 In addition, 
by applying a band-pass filter and a Weiner filter, the uneven illumination intensity 
from sample thickness and background noise is extracted to provide intensity 
analysis isolated to the dominating effects of atomic number.21 Secondly, using 
crystallographic knowledge, only two spectific zone axises in the target crystal 
phase (referred to as visuallization angles in later text) are chosen, where only the 
same atoms are aligned in an atomic column from specific angles. This allows for 
simplicity in element indentification by qualitative intensity analysis. Finally, real-
space atomic models are built based on the atomic structure analysis and are 
validated using Frist-principle based STEM simulation.  
 Amongst different types of nanocrystals, CuαZnβSnγSeδ (CZTSe) colloidal 
tetrapod nanocrystals are particularly interesting for this study due to the reasons 
listed: i) Polytypism. The tetrapod  is an excellent example of a shape that 
necessitates the existence and ultimately control  of polytypism  with this 
tetrahedral structure determined by the –(0001) facets of hexagonal wurtzite (WZ) 
arms  attached to the –{111} facets of a cubic zincblende (ZB) core.5, 9, 22-25. ii) 
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Changeable valency states. Both Cu (1+, 2+) and Sn (2+, 4+) can have two different 
oxdiation states in NCs. This adds on to the complexity of the system and extends 
the applicability of our findings to more NC systems. iii) Adjacency of Cu and Zn. 
The differentiation of adjacent Cu (29) and Zn (30)26 using HAADF-STEM 
intensity analysis pushes the limit of this chemical sensitive analysis to the extreme. 
iv) Earth-abundant and low-toxic chemical composition. CuαZnβSnγSeδ (CZTSe) 
and its analogues, namely, CuαZnβSnγSδ (CZTS), CuαZnβSnγ(SxSe1-x)δ (CZTSSe), 
CuαZnβGeγSeδ (CZGS)
27
 and their analogues demonstrate high optical absorption 
coefficient and suitable band gaps for solar absorption. This study gives atomic-
level crystallographic analysis in colloidal nanocrystals and allows for 
unprecedented insights into the growth mechanisms and understandings of the 




















Figure 5.1 (a) HAADF image of a Cu3ZnSn1.5Se5.5 tetrapod NC (NC1) from 
zone axis ZB[111]. (b) Corresponding structural modelling of (a) where 
purple-white atomic structure is WZ and cyan-white atomic structure is ZB. 
(c) Exploded view of the structural model of NC1. (d) Corresponding 
structural modelling of (a) with transparent WZ structure to expose the 
polytypic interphase.  
In Figure 5.1a, a Cu3ZnSn1.5Se5.5 tetrapod nanocrystal (NC1) is analyzed using 
STEM-HAADF in zone axis orientation ZB[111]. Sections I, II, III in Figure 5.1a 
correspond to the three purple-white WZ arms while section IV corresponds to the 
cyan-white ZB core in the middle of the structural model shown in Figure 5.1b. The 
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exploded structure view (Figure 5.1c) displays the ZB core and four tetrahedrally 
attached arms in NC1. To focus the analysis on the polytyic interphase, the WZ 
arms are rendered transparent in Figure 5.1d to expose the WZ(0002) and -ZB(111) 
polytypic interphases (marked out by red dashed lines in Figure 5.1d). These 
interphases cannot be directly observed in the HAADF image in Figure 5.1a as 
HAADF is the 2D projection of the 3D tetrapod structure. However, the three 
polytypic interphases intersect with the viewing plane, ZB(111) to form three 
distinct intersecting lines of ~60-degree angles marked out by the white dashed 
lines in Figure 5.1a. Moving on to WZ arm analysis, the three tetrahedrally attached 
WZ arms are projected on the viewing plane, ZB(111) in a two-dimensional fashion 
in Figure 5.1a. The WZ(1100) planes perpendicular to the zone axis are in atomic 
resolution, while WZ(0002) planes are not observed in defined lattice fringes due 




Figure 5.2 (a) HAADF image of a Cu3ZnSn1.5Se5.5 tetrapod NC with stacking 
faults along WZ arms (NC2), imaged taken from ZB[011]/WZ[1100] zone axis 
with top inset of structural modelling. (b) Corresponding geometric phase 
analysis (GPA) strain mapping of (a). (c) STEM image of NC2 with 
corresponding STEM-EDS elemental maps related to Cu (red), Sn (green), Zn 
(yellow) and Se (cyan). 
164 
 
Due to the small energy difference between WZ and ZB crystal phases (≤20 
meV/atom)7, 28, a large amount of stacking faults are observed in the WZ arms.  
In Figure 5.2a, HAADF of NC2 in a different orientation is taken from the zone 
axis WZ[1100]/ZB[011] to reveal the atomic arrangement on the arm (the length of 
one arm is ~18.5 nm). Besides the ZB’-WZ’ polytypic interface between the core 
and arm, more heterostructrual interfaces are observed along the WZ’ growth 
direction due to stacking faults (marked out by white lines). To reach beyond the 
general morphological understandings of tetrapod structure, two-dimensional 
mapping of the local deformation obtained from the geometric phase analysis (GPA) 
and real-space atomic modelling of the HRTEM image are employed to study the 
heterostructural atomic arrangements. As shown in Figure 5.2b, the epitaxial 
heterojunctions along the planar growth direction WZ[0002] are distinct from the 
different dilatation colours of WZ and ZB phase, amongst which WZ has neutral to 
negative dilatation, while ZB’ has neutral to positive dilatation. Starting from the 
ZB core, the accumulated positive/negative strains result in dislocation-free lattice 
mismatches where the transition between ZB and WZ growth occurs. The STEM 
image in Figure 5.2c exposes the quasi-tetrahedral core structure and the 
tetrahedrally attached rounded arms with the corresponding EDS mappings 




Figure 5.3 (a) Magnified HAADF image of polytypic interface and stacking 
faults in WZ arm from selected area in Figure 5.2a. (b) Corresponding binary 
atomic modelling with different marked sections according to atomic 
arrangement boundaries. Purple numbers, 1, 2, 3 correspond to different 
sections in WZ phase, WZ1, WZ2 and WZ3. Cyan numbers, 1, 2, 3 correspond 
to different sections in ZB phase, ZB1, ZB2 and ZB3. The highlighted area on 
the bottom right of magnified WZ1-WZ2 misfit and WZ-like fit between WZ1 
and ZB2. 
The magnified highlighted area from Figure 5.2a is presented in Figure 5.3a and 
separated to multiple different sections according to atomic arrangement difference 
between WZ and ZB (marked out as WZ1, WZ2 and WZ3; ZB1, ZB2 and ZB3). 
In compilation of HRTEM and GPA strain mapping in Figure 5.2b, and taking into 
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consideration that inversive polarity is not energetically favourable,6, 29, 30 , a 
corresponding binary atomic model is built  to further investigate the atomic 
dislocation and stacking faults (Figure 5.3b). After the initial core growth in ZB1, 
the crystal growth switches to polytypic growth in WZ1 and WZ2 on two ZB 
anionic (111) facets. These two WZ structures’ c-axes form an angle of ~110o 
which is consistent with the supplementary angle of the dihedral angle of the 
tetrahedral arrangement of the WZ arms. Furthermore, as the growth in WZ1 and 
WZ2 progresses, the two growth direction clashes at the intersection to form 
dislocated atoms as shown in highlighted circle in the bottom right inset in Figure 
5.3b. As the whole crystal system has a tendency to form the most ordered structure 
to minimize the overall energy, WZ2 growth is quenched after one atomic layer in 
thickness to avoid more atomic dislocation. The system then adapts and changes to 
grow in ZB2 again on WZ2’s anionic facet to achieve dislocation-free WZ(110)-
like, “zig-zag” structure between WZ1(0002) and -ZB2(111) facets. Right after the 
ZB2 growth passes the WZ1’s intersection area, a stacking fault happens again on 
ZB2’s anionic facet to form WZ3. Finally, as it was observed in most tetrapod NCs, 
the four WZ’ arms are terminated with ZB structures which are isotropic in nature 
that doesn’t benefit arm elongation or the occurrence of WZ-ZB stacking faults. 
This observation is consistent with the short tetrahedral arms in this quaternary 
system. It is also noticed that whether the stacking faults occur in ZB or WZ, the 
initiating facets are always relatively exposed anionic facets as demonstrated in 
Figure 5.3b.   
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In the next section, to reach beyond our current understanding of colloidal 
nanocrystal structures, quaternary real-space atomic models were built according 
to the cationic ordering effects observed from certain visualization zone axes by 
qualitatively utilizing the chemical-sensitive nature of STEM-HAADF. In thin 
samples (~5-13 nm in this study), dependence of depth and orientation of each 
tracer atom in an aligned atom column from a zone axis can be neglected.31  The 
intensity in STEM-HAADF is estimated to be proportional with the square of 
atomic number (Z2) of the elements in each point. A column of aligned atoms at 
various visualization angles then can be identified according to the average Z2 
values of respective Z2 values from various atoms. Furthermore, the first-principle 
based STEM image simulation was produced according to the proposed atomic 
models from cationic ordering effects. The good agreement between simulated 
STEM images and z-contrast of experimental HAADF images validates the 
















Cationic ordering analysis in orthorhombic structure: 
 
Figure 5.4 Cationic ordering identification of WZ derivative (WZ’) in 
Cu3ZnSn1.5Se5.5 tetrapod nanocrystal (NC1) from Visualization angle 1, 
WZ’[010]-ZB’[111]. (a) HAADF image of a NC1 from WZ’[010]-ZB’[111] 
zone axis with bottom right inset of structural modelling. (b) Magnified area 
to reveal atomic arrangement in WZ’ of (a). (c) z-contrast image of selected 
area (dashed purple box). (d) Corresponding simulated STEM image of (c). (e) 
Corresponding real-space atomic modelling.  
 
The cationic ordering of NC1 is analyzed with direct HAADF imaging from two 
visualization angles where only one type of atom is aligned from this zone axis at 
one atomic position. The wurtzite crystal phase in the binary system is abbreviated 
as WZ, while the orthorhombic crystal phase derived from wurtzite phase is 
referred to as WZ’ in the later discussion.  Figure 5.4a shows that in visualization 
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angle 1 (WZ’[010]-ZB’[111]), almost identical atomic arrangements and cationic 
orderings of the ZB’(111) and WZ’(010) facets are observed, which allows the 
seamless growth transition from ZB’ to WZ’. The magnified HAADF area also 
displays the cationic ordering faults along the WZ’[101] direction (Figure 5.4b). 
When viewed from the WZ’[010] direction, for each atom row along the WZ’ c-
axis, the HAADF image clearly displays a periodic intensity arrangement of high-
low-low-low-high (Figure 5.4c).  As Sn (50) has a much higher atomic number, the 
largest and brightest atoms are Sn atoms paired with Se. However, as Cu (29) and 
Zn (30) have extremely close atomic numbers, their intensities are easily affected 
by the illumination from the two heavy Sn atoms right in adjacent. This 
visualization angle therefore doesn’t allow the differentiation between Cu and Zn. 
The WZ’[002] direction was used as the second visualization angle to further 
investigate the sample. The characteristic hexagonal atomic arrangement of the WZ 




Figure 5.5 Cationic ordering identification of WZ derivative (WZ’) in 
Cu3ZnSn1.5Se5.5 tetrapod nanocrystal (NC1) from visualization angle 2 
WZ’[002] (a) HAADF image of a Cu3ZnSn1.5Se5.5 tetrapod NC (NC1) from 
zone axis WZ’[002] with (b) Magnified selected HAADF image to reveal 
atomic arrangement. (c) Corresponding z-contrast image of (a). (d) Intensity 
profile of an alternating Cu-Zn atom array along WZ’[100] direction from 
HAADF image. (e) Corresponding real-space atomic modelling. (f) 
Corresponding STEM simulation. (j) Intensity profile of an alternating Cu-Zn 
atom array along WZ’[100] direction from simulated STEM image. 
 
This visualization angle allows the differentiation of Cu and Zn atoms in the 
WZ’[100] direction where the Cu column and Zn column are in the same atomic 
environment. Different from the WZ’[010] direction, along WZ’[002] direction, 
aligned atom columns at each atomic position have alternative cation-anion 
arrangements. In Figure 5.5c, the atom array of interest along WZ’[100] (marked 
out in a pink box) only involves (Cu-Se) and (Zn-Se) vertical pairs.  An alternative 
low-high intensity profile pattern was observed along the pink box which 
corresponds to the alternative arrangement of CuSeCuSe…and ZnSeZnSe…. The 
complete real-space atomic model is then built based HAADF images form 
WZ’[010] and WZ’[002] directions (Figure 5.4e, 5.5e). The first-principle STEM 
simulations (Figure 5.4d, Figure 5.5f) of both visualization angles have good 
consistency with the z-contrast HAADF images (Figure 5.4c, Figure 5.5c). 
Furthermore, the overall intensity ratio (1:1.04) is consistent with the simulated Z2 
(1:1.07) as shown in Figure 5.5d and 5.5j. This further validates the atomic 




The transition from binary wurtzite system to quaternary orthorhombic system, 
which is caused by the introduction of Zn and Sn atoms to CuxSey, is demonstrated 
in the next section.  
 
 
Figure 5.6 Equivalent facets in binary wurtzite and quaternary orthorhombic 
systems. (a) WZ(0002), (b) WZ(1 1̅ 00), (c) WZ(1100), (d)WZ’(001), (e) 




In Figure 5.6, the initial binary unit cell is in wurtzite system is P63mc, with lattice 
parameters of a=b=3.99 Å, c=6.67 Å. Upon the introduction of Sn and Zn atoms, 
the binary system transits to the quaternary crystal system in orthorhombic group, 
PMN21, with lattice parameters of a=8.001 Å, b=6.892 Å and c=6.678 Å. Figure 
5.6a-c demonstrate three commonly observed facets in the binary WZ crystal phase. 
WZ(0002) facet has the characteristic hexagonal atomic arrangement of the 
wurtzite system, with the corresponding crystal direction ±WZ[0002] being an 
important crystal direction in isotropic crystal growth. As shown in the previous 
section (Figure 5.2 and 5.3), the WZ(1100) facet is often used in coordination with 
ZB(011) facet to analyze stacking faults and the polytypic interface between ZB 
and WZ phase. Upon the introduction of different cations, namely Zn and Sn in this 
study, the size and shape of the unit cells change. The WZ’(001) is the equivalent 
facet to binary WZ(0002). As shown in Figure 5.6d, the hexagonal atomic 
arrangement of binary WZ(0002) has not changed upon the cationic incorporation. 
However, Zn and Sn have completely replaced Cu atoms along the WZ’[001] 
direction at periodic atomic positions where the off-angle crystal structure 
demonstrates cation-anion alternative arrangements along the WZ’[001] direction 
in Figure 5.6g. This cationic replacement can be more directly analyzed from 
WZ[11̅00]/WZ’[010] direction as shown in Figure 5.6b and 5.6e. Along WZ[1100] 
/WZ’[100] direction (horizontal direction in Figure 5.6b and 5.6e), in every four 
Cu atoms, the first two Cu atoms are completely replaced by Sn and Zn atoms along 
the viewing direction, WZ[11̅00]/WZ’[010] (shown in Figure 5.6h). In Figure 5.6c 
and 5.6f, the separated cationic and anionic layers have enabled us to analyze the 
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crystal growth according to the different charged facets (Figure 5.3). In the off-
angle WZ’[010] shown in Figure 5.6i, Cu, Zn and Sn atoms are stacked in a certain 
order along this viewing direction.  
To understand the essence of this crystal phase transformation from wurtzite to 
orthorhombic, and the reason why certain facets, though differently indexed in the 
binary and quaternary systems, are equivalent in atomic arrangement and growth 




Figure 5.7 (a) Atomic model of binary wurtzite system, P63mc from WZ[0001] 
direction with unit cell marked out in red, (b) atomic model of quaternary 
orthorhombic system, PMN21 from WZ’[001] direction with unit cell marked 
out in green. 
 
As shown in Figure 5.7a, binary wurtzite has a semi-hexagonal unit cell that covers 
2.5 atomic positions from WZ[0001] direction. Upon Zn and Sn incorporation, the 
WZ’[001]-direction unit cell changes to tetragonal in shape and includes 8 atomic 
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positions from this direction. The transition from binary to quaternary system is not 
accompanied with any physical distortion of crystal structure or actual change of 
atomic arrangement or position. In fact, this change is caused by a change in the 
minimum periodicity of atom arrangement, therefore reflected in the change of unit 
cell and the name of the crystal system. Moreover, this seemingly significant 
transition from different Bravais crystal systems is a change in crystallographic and 
mathematical periodicity, whereas the crystal structure stays intact.  
To conclude, this cationic ordering analysis illustrates the orthorhombic crystal 
structure is a highly ordered structure with specific cationic arrangement. Although 
cationic ordering defects have been observed, the overall structure remains a highly 
ordered Bravais lattice in contradiction of previous reports where cations are 























Cationic ordering analysis in tetragonal structure: 
The zinc phase in binary phase is referred to as ZB and the tetragonal derived from 
cationic incorporation in quaternary phase is abbreviated as ZB’ in the following 
discussion. Three different cationic orderings in ZB’ core are observed in the 
following section. These three cationic orderings are referred to as cationic ordering 
(CO) I, II and III (Figure 5.8A-b and 5.8B-b).  
 
Figure 5.8. Cationic ordering identification of ZB derivative in Cu2Zn0.5SnSe3.5 
tetrapod NC (NC1) from direct HAADF imaging. (A-a) HAADF image of a 
Cu2Zn0.5SnSe3.5 tetrapod NC (NC1) from ZB’[111] direction with bottom inset 
of structural modelling. (A-b) magnified selected area of (A-a) to reveal atomic 
arrangement. (A-I) HAADF image of cationic arrangement A-I. (A-I-i) z-
contrast of cationic arrangement A-I. (A-I-ii) corresponding STEM simulation. 
177 
 
(A-I-iii) corresponding atomic modelling. (A-II) HAADF image of cationic 
arrangement A-II. (A-II-i) z-contrast of cationic arrangement A-II. (A-II-ii) 
corresponding STEM simulation. (A-I-iii) corresponding atomic modelling. 
(A-III) HAADF image of cationic arrangement A-III. (A-III-i) z-contrast of 
cationic arrangement A-III. (A-III-ii) corresponding STEM simulation. (A-
III-iii) corresponding atomic modelling. (B-a) HAADF image of a 
Cu2Zn0.5SnSe3.5 tetrapod NC (NC1) from ZB’[100] direction with (B-b) 
magnified selected area of (B-a) to reveal atomic arrangement. (B-I) HAADF 
image of cationic arrangement B-I. (B-I-i) z-contrast of cationic arrangement 
B-I. (B-I-ii) corresponding STEM simulation. (B-I-iii) corresponding atomic 
modelling. (B-II) HAADF image of cationic arrangement B-II. (B-II-i) z-
contrast of cationic arrangement B-II. (B-II-ii) corresponding STEM 
simulation. (B-II-iii) corresponding atomic modelling. (B-III) HAADF image 
of cationic arrangement B-III. (B-III-i) z-contrast of cationic arrangement B-
III. (B-III-ii) corresponding STEM simulation. (B-III-iii) corresponding 
atomic modelling. 
 
The cationic ordering in ZB’ is extremely complicated compared to the 
homogeneous cationic ordering effect in WZ’ with small amount of cationic 
ordering faults. Three distinct sections with different cationic arrangements 
(Cationic ordering (CO) I, II, III) were observed (Figure 5.8Aa and 5.8Ab, 5.8Ba 
and 5.8Bb). However, the high symmetry in this ZB derivative system facilitates 
the deciphering of the structures by offering two visualization angles (direction A 
and B) where only the same atoms are aligned along these directions. In 
visualization direction A (ZB’[111]), CO I is the most inner structure within the 
ZB’ core, where alternative bright and dark columns appear along ZB’[11 2̅ ] 
direction (horizontal direction) in Figure 5.8A-I. The bright column along ZB’[11̅0] 
direction is assigned to the heavy Sn-Se pair, whereas, the lighter Cu-Se and Zn-Se 
are constituent of the dark column along ZB’[11̅0]. To further differentiate Cu and 
Zn atoms in CO I, a detailed intensity investigation is carried out independently in 
Figure 5.9.  The yellow lines along ZB’[11̅0] demonstrate alternative intensity 
strength which is caused by the alternative arrangement of Cu-Zn along ZB’[11̅0] 
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direction. According to Table 5.1, the average intensity ratio of dark and bright spot 
along yellow lines is 1:1.09. This value is consistent with the theoretical value of 
alternative Cu-Se and Zn-Se arrangement (ZCu+Se
2:ZZn+Se
2=1:1.03). The atomic 
model is then built based on the intensity profile observed from Direction A (Figure 
5.8A-I-iii).  The simulated STEM image (Figure 5.8A-I-ii) based on this atomic 
model is in good agreement with z-contrast image (Figure 5.8A-I-i) taken from 
Direction A. Direction B is used to validate the model of CO 1 built in Direction A.  
In Figure 5.8B-I-iii, the real-space model is turned to Direction B (ZB’[100]). The 
consistency between simulated STEM (Figure 5.8B-I-ii) based on the atomic model 
from Direction B and z-contrast HAADF image (Figure 5.8B-I-i) further 
consolidates the Structure I real-space atomic model.   
When it comes to CO II (Figure 5.8A-II), observed from Direction A, the formation 
of CO II is likely to derive from cationic arrangement fault along ZB’[101] 
direction, where instead of the incorporation of light atoms (Zn or Cu), two Sn 
atoms are positioned right beside each other along ZB’[112̅]. As there are no 
isolated arrays of Zn-Cu atomic columns (away from the heavy Sn) from either 
visualization directions, only the heavy atom Sn can be identified directly from 
HAADF images in this cationic ordering. However, since Zn incorporation was 
observed in the most inner CO I, and no ternary Cu2SnSe3 was observed, it suggests 
that the Zn and Cu atoms take the two light atom positions respectively between 
the Sn pairs. The STEM simulation images (Figure 5.8A-II-ii and Figure 5.8B-II-
ii) based on the proposed atomic model (Figure 5.8A-II-iii and 5.8B-II-iii) are 





Figure 5.9. Intensity profile analysis of Cu2Zn0.5SnSe3.5 tetrapod core CO I 
from [111] zone axis. 
















Table 5.1. The corresponding Z2 value analysis of Figure 5 
Unlike CO I and II which can be constructed completely solely from the atomic 
arrangement observed in Direction A, CO III (Figure 5.8A-III) has to be interpreted 
from both A and B directions to build a complete crystal model. CO III is the most 
outer structure which has the identical atomic arrangement with the adjacent facet, 
WZ’(010) (Figure 5.4c). Sn atoms are easily identified as the brightest atom 
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positions in z-contrast HAADF image (Figure 5.8A-III-i). As discussed in the WZ’ 
cationic ordering interpretation section, Cu and Zn differentiation of CO III needs 
to be carried out in an isolated column to avoid the influence of illumination from 
adjacent heavy Sn atoms.  Direction B (ZB’[100]) provides this isolation as shown 
in Figure 5.8B-III, where a dark atomic line along ZB’[001] only consists of Cu 
and Zn atoms. The differentiation between Cu and Zn atoms in CO III is studied 
independently in Figure 5.10. As shown along yellow lines (ZB’[001]), dark-bright 
atomic spots were presented in alternative corresponding to the Cu-Zn alternative 
atom arrangement. The average intensity ratio of dark and bright atomic positions 
along the 10 yellow lines in this region is ~1:1.12 (Table 5.2) suggesting the 
alternative arrangement of Cu and Zn. The directly measured intensity ratio is in 
good agreement with the theoretical Z2 value ratio (Z2cu: Z
2
Zn=1:1.07). Therefore, 
the atomic modelling is completed for ZB’ CO III and presented in two 
visualization directions A, ZB’[111] (Figure 5.8A-III-iii) and direction B, ZB’[100] 
(Figure 5.8B-III-iii), in Figure 5.8A-III-ii and the Figure 5.8B-III-ii, the STEM 
simulations based on the proposed atomic models are in good agreement with the 




Figure 5.10 Intensity profile analysis of Cu2Zn0.5SnSe3.5 tetrapod core CO III 
from [100] zone axis. 
















Table 5.2 The corresponding Z2 value analysis of Figure 6. 
The overall ZB’ structure is therefore free from atomic distortion or misplacement 
as no Bravais crystal boundary was observed. The corresponding transition from 





Figure 5.11 Equivalent facets in binary zinc blende F-43m and quaternary 
tetragonal I4 systems. (A)F-43m(100), (B) F-43m(112), (C) F-43m(111), (D) F-
43m (011̅), (I-a) Structure I, facet I4(100), (I-b) Structure I, facet I4(111), (I-c) 
Structure I, facet I4(112), (I-d) Structure I, facet I4(011̅), (I-e) Structure I, 
facet off-angle I4(100), (I-f) Structure I, facet off-angle I4(111), (I-g) Structure 
I, facet off-angle I4(112), (I-h) Structure I, facet off-angle I4(01 1̅ ). (II-a) 
Structure II, facet I4(100), (II-b) Structure II, facet I4(111), (II-c) Structure II, 
facet I4(112), (II-d) Structure II, facet I4(011̅), (II-e) Structure II, facet off-
angle I4(100), (II-f) Structure II, facet off-angle I4(111), (II-g) Structure II, 
facet off-angle I4(112), (II-h) Structure II, facet off-angle I4(01 1̅ ). (III-a) 
Structure III, facet I4(100), (III-b) Structure III, facet I4(111), (III-c) 
Structure III, facet I4(112), (III-d) Structure III, facet I4(01 1̅ ), (III-e) 
Structure III, facet off-angle I4(100), (III-f) Structure II, facet off-angle 
I4(111), (III-g) Structure III, facet off-angle I4(112), (III-h) Structure III, facet 
off-angle I4(011̅).  
 
Figure 5.11A demonstrates the characteristic cubic pattern in ZB(100) facet of the 
zinc-blende crystal phase. The facet ZB(112) (Figure 5.11B) has a layered structure 
which is identical to WZ(11̅00), therefore this enables a smooth transition from ZB 
growth to WZ growth in polytypic structures and also facilitates the occurrence of 
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stacking faults between WZ and ZB crystal phases. Figure 5.11C shows the ZB(111) 
facet which is of high importance in synthetic chemistry for it is the most exposed 
facets in crystal growth and often initiates heterostructures between WZ and ZB 
and the occurrence of twining. The ZB(111) facet has a similar atomic arrangement 
with WZ(0001) facet (Figure 5.6a). The difference lies in the additional atom in 
middle of a six-member atom arrangement from ZB structure. This difference was 
explained in detail in the earlier section of this thesis (Figure 1.23) and will be 
shown in direct HAADF imaging from the eclipsed and staggered angle in Figure 
5.18b in the later section. Stacking faults between ZB and WZ and twining effects 
were often observed from the ZB(01 1̅) facet in Figure 5.11D. The dumb-bell 
shaped cation-anion pairs are both observed in the ZB(011̅) facet and WZ(1100) 
facet (Figure 5.6c), where the ZB(011̅) facet has the dumb-bell pairs aligned in one 
direction, while the WZ(1100) facet has “zig-zag” arrangement of the dumb-bell 
pairs.  Despite the different position arrangement, these similar atomic units still 
allow the crystal growth transition tween WZ and ZB phases. When it comes to the 
quaternary system, zone axes ZB[100] and ZB[111] were used to observe the 
transition from the binary to quaternary crystal structure, for they both have single 
atom arrangement along the viewing axes, as shown in in-zone-axis and off-angle 
modellings (Figure 5.11-I-a, 5.11-I-b, 5.11-I-e and 5.11-I-f,). These two zone axes 
were used as visualization angles in identifying the cationic orderings in tetragonal 
core in Figure 5.8. The transition from the binary zinc-blende F-43m crystal to 
quaternary tetragonal I4 crystal (CO III is used as an example) is explained in detail 




Figure 5.12 (a) Binary zinc-blende F-43m atomic modelling of facet ZB(001) 
with the unit cell marked in red, (b) Quaternary tetragonal I4 atomic 
modelling of facet ZB’(001) with the unit cell marked in green. (c) Binary zinc-
blende F-43m atomic modelling of facet ZB(100) with the unit cell marked in 
red, (d) Quaternary tetragonal I4 atomic modelling of facet ZB’(100) with the 
unit cell marked in green. 
In Figure 5.12a and 5.12b, when observed from ZB[001]/ZB’[001] direction, both 
binary and quaternary unit cells have the same shape and size which contains 7 
atomic positions (unit cell contraction and expansion upon Zn and Sn incorporation 
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is neglected for the purpose of discussion in crystal phase transition). When viewed 
from the ZB[100]/ZB’[100] direction in Figure 5.12c and 5.12d, the side of the 
binary unit cell shape and size stay the same as ZB(001) facet maintaining a perfect 
cube, whereas the side of the quaternary unit cell on ZB’(100) facet changes to 
rectangular that has the length almost twice as the binary unit cell. This transition 
is caused, again, by the change of minimum periodicity of the atomic arrangement 
which is the result of the introduction of different cations, namely, Zn and Sn in 
this case. As observed in the previous discussion in transition from wurtzite to 
orthorhombic in Figure 5.7, this transition from zinc-blende to tetragonal is not 
associated with crystal structure distortion or actual atomic position change, it is 
the change of crystallographic nomenclature.  
When the three structures (CO I, II, III) are compared in parallel across the panel 
in Figure 5.11-I-a, 5.11-II-a and 5.11-III-a, the cationic substitution in this viewing 
direction (ZB’[100])is different although none of the substitution is changing the 




Figure 5.13 Atomic modelling of Structure I, II and III on facet ZB’(001) and 
ZB’(100) respectively.  
ZB’[001] and ZB’[100] zone axes are the axes that most clearly demonstrate the 
unit cells in tetragonal system. Although the cationic orderings in CO I, II and III 
are different, the unit cell, and to extend further, the tetragonal crystal system does 
not change with the different cationic arrangements.  
Coming back to the second half of Figure 5.11, ZB’(112) and ZB’(01̅1) facets 
shown in three COs (Figure 5.11-I-c, 5.11-I-g; Figure 5.11-II-c, 5.11-II-g; Figure 
5.11-III-c, 5.11-III-g; Figure 5.11-I-d, 5.11-I-h; Figure 5.11-II-d, 5.11-II-h, Figure 
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5.11-III-d, 5.11-III-h ), these facets are not used for cationic arrangement analysis 
as different atoms are aligned from these zone axes. However, they are important 
facets for crystal growth mechanisms studies in multi-elemental systems.  
Isotropic growth tendency study in multi-elemental system:  
It is also noticeable that there are cation ratio changes associated with oxidation 
state changes in the three tetragonal structure (Figure 5.14). This change is reflected 
in the different cationic arrangements that was discussed in the last section, where  
while CO I and II have the same cation ratio (Cu:Zn:Sn=1:1:2) with oxidation states, 
Cu2+, Zn2+ and Sn2+, despite of their different atomic arrangement; while CO III has 
cation ratio of Cu:Zn:Sn=2:1:1 with oxidation states, Cu+, Zn2+ and Sn4+. The cation 
ratios from the inner CO I to outer CO III decrease in Sn composition and increase 
in Cu composition while the Zn composition stay unvaried. This cation ratio change 
is independent from the incorporation sequence during synthesis process where the 
quaternary system nucleates in Cu-Se clusters with subsequent introduction of Sn 
and Zn. This synthesis process was discussed in detail in Chapter 4.   
 
 
Figure 5.14. Inconsistency between injection sequence and final chemical 





This observation suggests that cation exchange has happened not only during the 
subsequent cation incorporation, but also after all the precursors were introduced 
into the system. After the subsequent incorporation of cations, the in-crystal atoms 
slowly re-disperse into the solution, and the in-solution atoms slowly incorporate 
into the NC structure. Furthermore, the cation exchange does not only happen on 
the exposed facets and adjacent shallow atomic layers, it also occurs throughout the 
entire crystal structure in a systematic homogenous fashion. During this slow 
cationic re-dispersion and incorporation process, the diffusion rate of the in-crystal 
atoms becomes the limiting factor, resulting in a kinetically stable growth process 
where isotropic growth is favoured. This process is especially prominent in multi-
elemental synthesis process, in which the as-synthesized NCs, as demonstrated 
above, have one or a few specific cationic orders that provide the system with the 
lowest systematic energy. As it is discussed in the synthesis process shown in 
Figure 5.14, the final cationic order in the system has evolved drastically from the 
initial cationic orders that formed during cation subsequent incorporation process 
to the final COs observed in Figure 5.8. The large amount of cationic exchange that 
occurred during this process entails the formation of the isotropic structure. This 
presumption is consistent with the short WZ’ arms that were observed in this study 
and the isotropic morphology that is commonly observed in other multi-elemental 
colloidal NCs.9, 32 
Another interesting topic that can be extended from the interpretation of the three 
COs in the tetragonal core is the formation of the non-stoichiometry in multi-
elemental NCs. It has been a general belief that the non-stoichiometry in multi-
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elemental NCs is the result of large amount of vacant atomic sites and atomic 
stacking faults. However, from our study, it is established that no vacant atomic 
sites have been observed in CZTSe tetrapod NCs, despite the large amount of 
stacking faults between ZB and WZ phases (these stacking faults are generally 
believed to be associated with vacant atomic sites). Furthermore, as established in 
the interpretation of CO I, II and III, these COs have different cationic ratios, and 
they occupy different volumes in the crystal system. This suggests that the different 
cationic orderings and their respective volumes in the crystal structure are very 
likely to be the cause of non-stoichiometry.   
 
Figure 5.15. XRD spectra and Rietveld refinement of Cu2Zn0.5SnSe3.5 
(NC1+NC2) and Cu2Zn1.5SnSe4.5 tetrapod NCs (NC3+NC4) with WZ’ and 
ZB’ ratios. 
To further investigate our assumption on non-stoichiometry and to study the 
cationic ordering with changed chemical compositions, the following research was 
carried out on the tetrapod NCs of different chemical composition (Cu2Zn1.5SnSe4.5) 
(NC3). The as-synthesized tetrapod NCs chemical compositions were tuned from 
Cu2Zn0.5SnSe3.5 to Cu2Zn1.5SnSe4.5 by varying the Zn to Sn addition ratio. The 
chemical composition change is associated with a morphology change where the 
orthorhombic arms are shortened and tetragonal core size increases. This transition 
is confirmed by Rietveld refinement in Figure 5.15, where WZ’ arms decreases 
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from 45% to 33.3%, and ZB’ core increases from 55% to 66.7% from NC1+NC2 
to NC3+NC4.  
 
Figure 5.16 HAADF of Cu2Zn1.5SnSe4.5 tetrapod NC free from stacking faults 
in arms (NC3) from zone axis ZB’[011̅]/WZ’[√310] with top right inset of 
corresponding structural modelling. 
 
To further investigate the polytypic structure, a Cu2Zn1.5SnSe4.5 tetrapod 
nanocrystal without stacking faults in the WZ’ arms (NC3) (Figure 5.16) was 





Figure 5.17 Cationic ordering of tetragonal core of Cu2Zn1.5SnSe4.5 tetrapod 
NC (NC3) (a) HAADF image of NC3 from zone axis ZB’[111] with bottom 
right inset of structural modelling. (b) Magnified highlighted area displaying 
two different types of cationic ordering.  (c) HAADF image of NC3 focusing 
on ZB’(112) facet. (d) Magnification of high-lighted area in (c) with 
corresponding z-contrast on the right. (e) Simulated STEM image with 
proposed atomic model. (f)Corresponding quaternary atomic modelling of (d). 
(g) Off-angle atomic modelling to expose the atomic arrangements along ZB’ 
[112] direction. (h) NC3 with corresponding STEM-EDS elemental maps 




Figure 5.17a shows a HAADF image of a Cu2Zn1.5SnSe4.5 tetrapod nanocrystal 
(NC3) from zone axis ZB’[111] with its corresponding morphology modelling.  
The magnified highlighted area in Figure 5.17b shows the two different cationic 
arrangements that transits along ZB’[10 1̅ ] direction. When compared to the 
Cu2Zn0.5SnSe3.5 tetrapod NC (NC1), the two cationic orders in NC3 are identical to 
the Structure II and Structure III in ZB’ core of NC1, while the most inner Structure 
I was not observed in NC3. Figure 5.17c demonstrates the polytypic facet of the 
ZB’ structure, ZB’(112), where alternative bright-dark strip pattern was observed. 
Based the CO III that has been interpreted in NC1 (Figure 5.11), this atomic model 
is observed again in NC3 core and is further investigated in NC3 from ZB’[112] 
direction shown in Figure 5.17f with the off-angle atomic model in Figure 5.17g 
presenting the columns of aligned atoms along the ZB’[112] direction. In Figure 
5.17d, the z-contrast indicates the arrangement of Cu-Sn atom columns (heavy) and 
Cu-Zn atom columns (light).  STEM simulation in Figure 5.17e highly resembles 
z-contrast HAADF in Figure 5.17d that further validates the atomic modelling. 
Figure 5.16h confirms the presence of Cu, Zn, Sn and Se. Comparing the ZB’ core 
in NC3 discussed in this section and the ZB’ core in NC1, tetragonal CO I, II and 
III are observed in NC1 while only CO II and III are observed in NC3. This suggests 
that the NCs change in the numbers of different types of cationic orderings and their 
respective volumes to accommodate the change of chemical composition from NC1 







Figure 5.18 Cationic ordering of wurtzite arm of Cu2Zn1.5SnSe4.5 tetrapod NC 
without stacking faults along WZ’ arms (NC3) (a) HAADF image of NC3 from 
c-axis to expose the heterostructure, bottom inset of structural modelling. (b) 
Magnification of high-lighted area with a demonstration of the overlapping 
ZB’ and WZ’ phases from the eclipsed and staggered angle. (c) Corresponding 
z-contrast of (b). (d) Corresponding STEM simulation from proposed atomic 
model. (e) Quaternary atomic modelling of heterostructure from ZB’[112] and 
WZ’[002] direction. (f) Quaternary atomic modelling of ZB’ from ZB’[112] 
direction. (g) Quaternary atomic modelling of WZ’ from WZ’[002] direction. 
(h) Quaternary atomic modelling of the heterostructure from ZB’[111] and 
WZ’[010] directions. 
To further investigate the polytypic structure, a Cu2Zn1.5SnSe4.5 tetrapod 
nanocrystal without stacking faults in the WZ’ arms (NC3) (Figure 5.18a) was 
chosen to image from the eclipsed and staggered angle to observed the epitaxial 
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polytypic structure between ZB’ and WZ’ along ZB’[112]/WZ’[002]. In magnified 
highlighted area in Figure 5.18b, WZ’ completely overlaps with ZB’ from ZB’[112] 
/WZ’[002] direction, forming brighter and more prominent atom dots, while the 
inner ZB’ structure has extra atoms that are visible from the structural gaps from 
the outer WZ’ phase, appearing as darker and less prominent atom dots. As shown 
in Figure 10e-10g, the atomic model of WZ’ was built based on the cationic 
ordering observed in z-contrast. In Figure 5.18e, the heterostructure modelling was 
separated to ZB’ modelling and WZ’ modelling for a clearer demonstration (Figure 
5.18f, 5.18g). This heterostructural model was then further validated with the high 
resemblance between STEM simulation in Figure 5.18d and z-contrast image in 
Figure 5.18c. The WZ’ structure in Cu2Zn1.5SnSe4.5 tetrapod (NC3) can then be 
confirmed. WZ’ in NC3 has different cationic arrangement than Cu2Zn0.5SnSe3.5 
(NC1), where the former (Cu:Zn:Sn=1:1:2) has increased Sn and decreased Cu 
content when compared the later (Cu:Zn:Sn=2:1:1). This suggests that the WZ’ 
crystal structure changes atomic arrangement to accommodate chemical 
composition change. More interestingly, in Figure 5.18h, when viewed from the 
peripheral angle, ZB’[111]/WZ’[010], not only do ZB’ and WZ’ share the identical 
atomic arrangement, they also have aligned cationic ordering at heavy atom (Sn) 
positions. This cationic ordering alignment was also observed previously in NC1, 
where ZB’ and WZ’ have both the same atomic arrangement and cationic ordering 




Figure 5.19 Stacking faults analysis and quaternary modelling in 
Cu2Zn1.5SnSe4.5 tetrapod NC with stacking faults along WZ’ arms (NC4). (a) 
HAADF image of NC4 with stacking faults along WZ’ arms demonstrated, top 
inset of structural modelling. (b)Magnification of high-lighted area in (a). (c) 
Corresponding quaternary modelling demonstrating the stacking faults in the 
polytypic interphase.   
Figure 5.19a displays the stacking faults along WZ arms in a Cu2Zn1.5SnSe4.5 
tetrapod nanocrystal (NC4) from zone axis ZB’[22̅0] and WZ’[√310]. Interestingly, 
although the chemical composition and the morphology are different between the 
two tetrapod structures in NC2 (Figure 5.3) and NC4. The ZB’-WZ’ stacking faults 
sequence in NC4 are identical to NC2, according to the magnified area in Figure 










Polytypic three-dimensional tetrapod structures were successfully synthesized 
using a colloidal hot injection method. Real-space crystallographic modelling based 
on HAADF-STEM imaging was employed to study the heterogeneities including 
polytypism, stacking faults, oriented crystalline mismatches, cationic ordering and 
cationic disordering. Two visualization angles, WZ’[010] and WZ’[002] were 
utilized in WZ phase derivative (orthorhombic) modelling. Correspondingly, the 
two visualization angles, ZB’[111] and ZB’[100] were used in ZB phase derivative 
(primitive tetragonal) analysis. After complete modelling of four different atomic 
orderings in the structure, it is concluded that colloidal nanocrystals are a highly 
ordered crystalline structure. Several different cationic arrangements associated 
with varied cationic oxidation states were observed in the ZB’ phase, while only 
one type of cationic ordering was observed in WZ’ phase. Contrary to previous 
understandings, no random cationic distribution was observed. Non-stoichiometry 
in chemical composition was caused by the compilation of various occupancy of 
different cationic orderings in the system and oxidation state changes. This is in 
contrast to what was previously understood that large amount of defects exist in 
non-stoichiometric structures. The transition from binary to multi-elemental system 
was explained, where the seemingly drastic change between different crystal 
systems are really just a nomenclature change induced by the change of minimum 
crystallographic periodicity with the crystal structure staying intact and undistorted. 
At last, the anisotropic growth tendency in multi-elemental colloidal NCs is 
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23. Coughlan, C.; Ibáñez, M.; Dobrozhan, O.; Singh, A.; Cabot, A.; Ryan, K. 
M., Compound Copper Chalcogenide Nanocrystals. Chemical Reviews 2017, 117, 
(9), 5865-6109. 
24. Park, C.; Cheong, B.-H.; Lee, K.-H.; Chang, K., Structural and electronic 
properties of cubic, 2H, 4H, and 6H SiC. Physical Review B 1994, 49, (7), 4485. 
25. Wu, L.; Fan, F.-J.; Gong, M.; Ge, J.; Yu, S.-H., Selective epitaxial growth 
of zinc blende-derivative on wurtzite-derivative: the case of polytypic Cu2CdSn(S 
1− xSex)4 nanocrystals. Nanoscale 2014, 6, (6), 3418-3422. 
26. Shannon, R. t., Revised effective ionic radii and systematic studies of 
interatomic distances in halides and chalcogenides. Acta crystallographica section 
A: crystal physics, diffraction, theoretical and general crystallography 1976, 32, 
(5), 751-767. 
27. Aldakov, D.; Lefrançois, A.; Reiss, P., Ternary and quaternary metal 
chalcogenide nanocrystals: synthesis, properties and applications. Journal of 
Materials Chemistry C 2013, 1, (24), 3756-3776. 
28. Yeh, C.-Y.; Lu, Z.; Froyen, S.; Zunger, A., Zinc-blende–wurtzite 
polytypism in semiconductors. Physical Review B 1992, 46, (16), 10086. 
29. Zamani, R. R.; Ibánez, M.; Luysberg, M.; Garcia-Castello, N.; Houben, L.; 
Prades, J. D.; Grillo, V.; Dunin-Borkowski, R. E.; Morante, J. R.; Cabot, A., 
201 
 
Polarity-driven polytypic branching in Cu-based quaternary chalcogenide 
nanostructures. ACS nano 2014, 8, (3), 2290-2301. 
30. Uccelli, E.; Arbiol, J.; Magen, C.; Krogstrup, P.; Russo-Averchi, E.; Heiss, 
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Conclusion and Future Work 
 
Amongst wet-synthesis approaches, colloidal hot injection method has its 
unparalled advantages in the simplicity of experimental setup, ablity to provide 
defined control especially in more complicated multi-elemental, three-dimensional 
and heterostructural structures. CZTSe colloidal NCs and its analogues, composited 
of only earth-abundant, low toxic elements, have presented as promising materials 
for thermoelectric, photovoltaic, catalysis, energy storage applications, owing to 
their high absorption co-efficiencies, tunable band gaps by varying crystal phase, 
chemical composition, morphology as a result from controlling temperature, 
surfactants, solvents, presursors individually or in compilation to achieve control 
over nucleation and crystal growth.  
Furthermore, this thesis also explores the mechanisms behind crystal phase control 
and the occurrence of polytypism in CZTSe system by full deciphering the cationic 
ordeirng and disordering in complex quaternary 3D polytypic structure, which 
allowed us to extend our current understandings on mechanisms behind sequential 
cationic incorporation and cationic arrangement in multi-elemental colloidal NCs.  
As discribed in Chapter 5, STEM-HAADF caionic ordering analysis, real-space 
modelling in coorperation with first-princle STEM simulation is a powerful tool for 
full atomic structure identification, the in-depth understanding of the structure will 
be beneficial for understanding underlying reaction mechanisms. Our futher plans 
to utilize these technique are disucussed in details in Chapter 3 and 4 respectively.   
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6.1. Chapter 3. Synthesis and Characterization of CuZnSe2 Nanocrystals in 
Wurtzite, Zinc Blende and Core-Shell Polytypes 
A range of CuZnSe2 NCs of high monodispersity is synthesized in both WZ and 
ZB crystal phases via ligand control, where the absence of of HPA and TOPO resuls 
in the formation of WZ phase and the presence of HPA and TOPO entails ZB phase. 
Furthermore, a core-shell polytypic structure of ZB core and WZ shell is 
successfully made by changing reaction temperature and precursors to demonstrate 
abilities in more sophisticated crystal phase control. To explore the CZSe system 
to the best of our abilities, the topic below is under further investigations: 
1. The chemical composition of CZSe polytype core 
The emission peak position of CZSe polytype is at ~2.34 eV, the significant up shift 
to higher energy levels compared to its two single crystal samples suggests the 
presence of CuSe phase. Furthermore, EDS mapping suggests an uneven 
distribution of Cu and Zn elements with Zn heavily distributed in shell and scarcely 
observed in core. Both results are supportive for the conclusion of a binary core 
with CuSe and ternary shell with Cu, Zn, Se elements. However, direct evidence is 
needed to prove the chemical composition of the whole structure. Herein, STEM-
HAADF caionic ordering analysis and real-space modelling are used in 
accordination with first-princle STEM simulation to analyze the cationic ordering 
in WZ single crystal phase, in ZB single crystal phase and polytypic phase in order 
to confirm the core and shell composition respectively and the formation 
mechanisms behind it.  
204 
 
6.2 Chapter 4. Precursor-Mediated Linear- and Branched- Polytypism 
Control in Cu2ZnxSnySe4 Colloidal Nanocrystals Using a Dual-injection 
Method 
Chapter 4 dedicates to the 2D and 3D polytypism control in CZTSe NCs employing 
metal presursors as the sole tuning factor, where at moderate temperature, 250°C, 
WZ and linear polytype NCs are successfully synthesized, the linear polytypism is 
initiated by replacing Sn(II)Cl2 with Sn(II)Ac compared to WZ NCs synthesis; 
while three dimensional branched polytype NCs are produced at high temperature, 
310°C with the chalcogenides being the dominating factor for polytypism 
occurrence.  
The effect of Sn precursor in linear polytypism occurrence needs further 
investigation using STEM-HAADF cationic ordering analysis and real-space 











6.3. Chapter 5. Insight into Multi-elemental Colloidal Nanocrystals: Cationic 
Ordering Analysis of CuαZnβSnγSeδ Tetrapods 
 
Chapter 5 concentrates on interpreting the cationic orderings in CuαZnβSnγSeδ 
tetrapod nanocrystals. The full interpretation of this particular structure then allows 
us to further discuss the cationic incorporation mechanisms and the multi-elemental 
structures on an unprecedented level. Further research plan on this topic would be 
the investigation of morphological progression that associates with the chemical 
composition variation from the two quaternary CuαZnβSnγSeδ tetrapod NCs. 
 
